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PREFACE 
T h i s  r e p o r t  d e s c r i b e s  an i n v e s t i g a t i o n  of s t r e s s  c o r r o s i o n  c r a c k i n g  i n  
metal t ank  m a t e r i a l s  performed by The Boeing Company from J u l y  1968 t o  
May 1971 under  C o n t r a c t  NAS 3-12003. The work was a d m i n i s t e r e d  by 
M r .  Gordon T. Smith of t h e  NASA Lewis Research Cente r .  
Boeing p e r s o n n e l  who p a r t i c i p a t e d  i n  t h e  i n v e s t i g a t i o n  i n c l u d e  J. N .  Mas te r s ,  
p r o j e c t  l e a d e r ;  L. R. H a l l ,  p r i n c i p a l  i n v e s t i g a t o r ;  R ,  W. F i n g e r ,  r e s e a r c h  
eng ineer .  Program s u p p o r t  was provided by A. A.  O t t l y k ,  non-hazardous 
environmen-t t e s t i n g ;  H. M. Olden, C .  C.  Mahnken and G. E. Vermilion,  hazard-  
ous  environment t e s t i n g ;  L. A l b e r t i n ,  t i t a n i u m  welding;  C .  W. Bosworth, 
aluminum welding;  E.  C .  Rober t s ,  m e t a l l u r g i c a l  s u p p o r t ;  and D. G. Good, 
t e c h n i c a l  i l l u s t r a t i o n s  and a r t  work. 
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Summary of T e s t  Specimens 
SUMMARY 
I This  experimental  program is  one i n  a s e r i e s  of programs undertaken t o  
develop and r e f i n e  methods f o r  e s t ima t ing  minimum performance c a p a b i l i t i e s  
of m e t a l l i c  p re s su re  v e s s e l s  wi th  emphasis being placed on aerospace 
app l i ca t ions .  The r e s u l t i n g  methods r e f l e c t  t h e  knowledge t h a t  crack-l ike 
d e f e c t s  i n  new s t r u c t u r e  can grow under t h e  in f luence  of loads  and environ- 
ment t o  a s i z e  s u f f i c i e n t l y  l a r g e  t o  i n i t i a t e  f a i l ~ r e ,  and a r e  based on 
f r a c t u r e  s t r e n g t h  and s u b c r i t i c a l  c rack  growth d a ~ a  from t e s t s  of pre-cracked 
specimens. Previous programs were devoted t o  s t u d i e s  of f a t i g u e  and sus- 
t a i n e d  load s u b c r i t i c a l  crack growth i n  t h e  environments of ambient a i r ,  
l i q u i d  n i t o r g e n ,  and l i q u i d  hydrogen. This  program was d i r e c t e d  t o  a s tudy 
of s t r e s s  cor ros ion  cracking (SCC) i n  m e t h l l i c  a l l o y s .  Resul t s  were 
evaluated us ing  modified l i n e a r  e l a s t i c  f r a c t u r e  mechanics parameters so  
t h a t  e f f e c t s  of SCC can be proper ly  accounted f o r  i n  e s t ima te s  of minimum 
performance c a p a b i l i t i e s  of m e t a l l i c  p re s su re  v e s s e l s .  The experimental  
work was d iv ided  i n t o  two p a r t s .  
The f i r s t  p a r t  of t h i s  2rogram was undertaken t o  eva lua t e  SCC i n  both pa ren t  
and weld metal  2219-T87 aluminum and 5A1-2.5 Sn (ELI) t i t an ium a l l o y s .  Each 
a l l o y  was t e s t e d  i n  environments encountered d,uring t h e  f a b r i c a t i o n  and 
opera t ion  of aerospace pressure  v e s s e l s  inc luding  c l eane r s ,  dye pene t r an t s ,  
f u e l s ,  o x i d i z e r s ,  and p re s su r i z ing  gases .  Both uni.form he igh t  double 
c a n t i l e v e r  beam and su r f ace  flawed specimens were t e s t e d  i n  most environments. 
The 5A1-2.5 Sn (ELI) t i t an ium a l l o y  was s u s c e p t i b l e  t o  SCC i n  a number of 
environments. The s u s c e p t i b i l i t y  was found t o  depend on crack propagation 
d i r e c t i o n  and loading procedure; the  RW d i r e c t i o n  w a s  less s u s c e p t i b l e  than 
t h e  WR d i r e c t i o n  and specimlens loaded i n  air  p r i o r  t o  being placed i n  t he  
test environment were less s u s c e p t i b l e  than were specimensathat were loadcd 
wh i l e  the  c rack  was exposed t o  t he  test environment. For t h e  2219-T87 
aluminum a l l o y ,  t e s t  du ra t ions  were n o t  s u f f i c i e n t l y  long t o  allow s t rong  
i n d i c a t i o n s  of e i t h e r  t h e  presence o r  l a c k  of SCC t o  develop. However, 
some evidence of SCC was no t i ced  i n  3-112 percent  Na C 1  s o l u t i o n ,  t r i ch lo ro -  
n e thy lene ,  and dye penet ran t .  There a l s o  was evidence t h a t  SCC can b e  more 
pronounced i n  su r f ace  flawed than i n  equa l  th ickness  through-the-thickness 
cracked speciments.  
1 
The second p a r t  of t h i s  program was a compat ib i l i ty  study f o r  mater ia l /  
environment combinhtions s u i t a b l e  f o r  high energy upper s t age  propulsion 
systems. Materiallenvironment cornbinations t e s t e d  included: 2219-T87 
aluminum a l l o y  i n  both l i q u i d  and gaseous f luor ine ,  fluorine-oxygen mixture, 
and methane; 2219-T6E46 aluminum a l loy  in  l i q u i d  and gaseous f l u o r i n e  and 
f luorineq-oxygen mixture ; and t i tanium a l l o y s  5A1-2.5 Sn (3?,I) , 6A1-4V 
annealed and 6A1-4V STA i n  ba th  l i q u i d  and gaseous methane. A l l  tests were 
conducted using surface  flawed specimens having thicknesses r ep resen ta t ive  
of minimum gage f u e l  and ox ia lze r  tanks. Ao evidence of SCC could be 
- - 
detected i n  any of the  material/environment combinations with a SCC ve loc i ty  
de tec t ion  s e n s i t i v i t y  of i n l h r  (7 r cmlsec). 
1.0 INTRODUCTION 
S t r e s s  cor ros ion  cracking  (SCC) has  been a c o n t r i b u t i n g  f a c t o r  i n  numerous 
f a i l u r e s  of aerospace s t r u c t u r e s .  A s  a r e s u l t ,  considerabxe e f f o r t  i s  being 
d i r e c t e d  t o  c h a r a c t e r i z a t i o n  of SCC i n  m e t a l l i c  a l l o y s .  Most i n v e s t i g a t i o n s  
have used macroscopic experimental  observa t ions  t o  i n v e s t i g a t e  t h e  phenom- 
enology of SCC. Such observa t ions  have shown t h a t  SCC behavior  can be  
r e l a t e d  t o  t h e  stress i n t e n s i t y  f a c t o r  t h a t  i s  def ined  by modified l i n e a r  
e l a s t i c  f r a c t u r e  mechanics theory.  
P re s su re  v e s s e l  design methods have been developed (1)* f o r  a s su r ing  t h a t  
crack-l ike d e f e c t s  w i l l  no t  grow s u f f i c i e n t l y  t o  i n i t i a t e  f a i l u r e  dur ing  the  
ope ra t iona l  l i f e  of p re s su re  v e s s e l s .  P re sen t  design methods a r e  most 
e f f e c t i v e  when appl ied  t o  pressure  v e s s e l s  i n  which c r i t i c a l  flaw s i z e s  a t  
proof s t r e s s  l e v e l s  a r e  l e s s  than the  th ickness  of t h e  v e s s e l  wal l .  The 
methods become decreas iag ly  taffect ive a s  f r a c t u r e  toughness i nc reases  and/or  
tSickness  decreases .  The approach is  based on i n t e r p r e t a t i o n  of r e s u l t s  of 
a succes s fu l  proof test combined with s u b c r i t i c a l  crack growth d a t a  obtained 
from t e s t s  of precracked labora tory  specimens. Tes t  d ~ t a  r e  c o r r e l a t e d  
and r e l a t e d  t o  f u l l  s i z e  s t ruc tuke  behavior us ing  modified l i n e a r  e l a s t i c  
f r a c t u r e  mechanics parameters.  
This experimental program had two objec t ives .  The f i r s t  ob jec t ive  was t o  . 
evaluate the  combined e f f e c t s  of load and environment on SCC s u s c e p t i b i l i t y  
of 2219-T87 aluminum and 5A1-2.5 Sn (ELI) t i tanium a l l o y  base and weld metal. * d 
Each a l loy  was t e s t e d  i n  environments encountered during f a b r i c a t i o n  and 
operat ion of pressure vesse l s  i n  spacecraf t  and booster  systems including 
cleaners,  dye penet rants ,  f u e l s ,  oxid izers  and pressur iz ing  gases. Both 
'Y I 
uniform height  double can t i l eve r  beam and surface-flawed specimens were 5 Y 8 
t e s t ed  under invar i an t  loadings t o  determine ranges of threshold stress 1 '11 
i n t e n s i t y  values over which SCC would no t  be expected t o  cause s i g n i f i c a n t  i "; 
crack growth. 14 it 
:1 
i i  
The second objec t ive  was t o  study compat ib i l i ty  of material/environment 11 , -
combinations s u i t a b l e  f o r  high energy upper s t age  propulsion systems. 
Material/environment combinations t e s t e d  included: 2219-T87 aluminum a l l o y  
i n  both l i q u i d  and gaseous f luor ine ,  fluorine/oxygen mixture, and methane; 
2219-T6E46 aluminum a l loy  i n  l i q u i d  and gaseous f l u o r i n e  and fluorine/oxygen 
mixture; and t i tanium a l l o y s  5A1-2.5 Sn (ELI) ,  6A1-4V and 6A1-4V STA i n  both * 
l i qu id  and gaseous methane. A l l  tests were conducted using surface-flawed 
specimens having thicknesses representa t ive  of minimum gz,ge f u e l  and oxi- 
6 
d ize r  tanks. Test durat ions ranged from 10 t o  500 hours. 
This experimental program is the  f i f t h . i a  a series of programs (2 ,  3 ,  4 ,  5) 
designed t o  provide methods and d a t a  f o r  f r a c t u r e  con t ro l  i n  me ta l l i c  
pressure vesse ls .  Two i n i t i a l  programs ( 2 ,  3) defined methods f o r  predic t ing  
minimum pressure vesse l  f a t igue  performance c a p a b i l i t i e s  using t e s t s  of 
2219-T87 aluminum, 2014-T62 aluminum, 5411-2.5 Sn (ELI) t i tanium and 6A1-4V (ELI) 
t i tanium a l l o y  surface-flawed specimens. The ensuing programs (4,  5) defined 
sustained load flaw growth c h a r a c t e r i s t i c s  of 2219-T87 aluminum and 581-2.5 
Sn (ELI) t i tanium a l loys  i n  a i r ,  l i q u i d  n i t rogen,  and l i q u i d  hydrogen, and 
the e f f e c t s  of combdned bending and tension stresses, weld-induced res idua l  
s t r e s s e s ,  and stress f i e l d s  adjacent t o  c i r c u l a r  holes  on f r a c t u r e  and fa t igue  
I 
growth of p a r t i a l l y  embedded flaws. i i 
i 
The remainder of this report is organized in two separate sections, Each 
section describes materials and procedures and presents results, discussions, 
and canclusions relating to a single phase of the program. Section 2 
describes the investigation of stress corrosion cracking in 2219-T87 
aluminum and 5A1-2.5 Sn (ELI) titanium alloys. Section 3 covers compatibility 
studies of material/environment combinations pertinent to high energy upper 
stage propulsion systems. 
2.0 INVESTIGATION OF STRESS CORROSION CRACKING IN 2219-T87 
ALUMINUM AND 5A1-2.5Sn(ELI) TITANIUM ALLOYS 
d 
The tests d e s c r i b e d  i n  t h i s  s e c t i o n  were under taken t o  e v a l u a t e  t h e  combined 
e f f e c t s  of l o a d  and environment on stress c o r r o s i o n  c r a c k i n g  (SCC) sus- 
c e p t i b i l i t y  of 2219-T87 aluminum and 5Al-2.5Sn(ELI) t i t a n i u m  a l l o y  b a s e  and 
weld meta l s .  The test program f o r  each  a l l o y  is  summarized i n  Tab les  2-1, 
2-2 and 2-3. Each a l l o y  was t e s t e d  i n  environments  encountered d u r i n g  t h e  
f a b r i c a t i o n  and o p e r a t i o n  of p r e s s u r e  v e s s e l s  i n  s p a c e c r a f t  and b o o s t e r  
systems i n c l u d i n g  c l e a n e r s ,  dye p e n e t r a n t s ,  f u e l s ,  o x i d i z e r s ,  and p res -  
s u r i z i n g  gases .  Both double  c a n t i l e v e r  beam (DCB) and s u r f a c e  flawed (SF) 
specimens were t e s t e d  under i n v a r i a n t  l o a d s .  The DCB specimen was t e s t e d  
because  of t h e  r e s u l t a n t  economy and convenience.  Tile SF specimen was 
t e s t e d  because  i t  is  t h e  b e s t  a v a i l a b l e  model of a common f a i l v r e  o r i g i n  
i n  ae rospace  p r e s s u r e  v e s s e l s  and i t  was d e s i r e d  t o  compare r e s u l t s  o f  t h e  
SF specimen tests w i t h  t h e  cheaper  DCB specimen tests. T e s t s  of SF s p e c i -  
b mens i n  room a i r ,  l i q u i d  n i t r o g e n  and l i q u i d  hydrogen were inc luded  t o  
a l low a d i r e c t  comparison between t h e  a l l o y  h e a t s  t e s t e d  i n  t h i s  program 
C 
with t h o s e  s i m i l a r l y  t e s t e d  i n  a p rev ious  program ( 4 ) .  
It w a s  o r i g i n a l l y  planned t o  test on ly  t h e  t r a n s v e r s e  d i r e c t i o n  f o r  t h e  
aluminum a l l o y  and t h e  l o n g i t u d i n a l  d i r e c t i o n  f o r  t h e  t i t a n i u m  a l l o y ,  and 
t o  l o a d  a l l  DCB specimens i n  a i r  p r i o r  t o  exposing them t o  t h e  test environ- 
ment. During t h e  performance of t h e  tests o u t l i n e d  i n  Tab les  2-1 and 2-2, 
i t  was d i s c o v e r e d  t h a t  t h e  t r a n s v e r s e  d i r e c t i o n  of t h e  t i t a n i u m  a l l o y  was 
more s u s c e p t i b l e  t o  SCC t h a n  was t h e  l o n g i t u d i n a l  d i r e c t i o n ,  and t h a t  t h e  
procedure  of l o a d i n g  DCB specimens i n  a i r  i n h i b i t e d  subsequent  SCC i n  o t h e r  
environments.  Accordingly,  t h e  supp lementa l  t e s t s  o u t l i n e d  i n  T a b l e  2-3 
were added t o  t h e  program. I n  t h e  supplemental  tests, b o t h  t h e  l o n g i t u d i n a l  
and t r a n s v e r s e  d i r e c t i o n s  were t e s t e d  and a l l  specimens were loaded  i n  t h e  
t e s t  environment. 
The e f f e c t  of SF specimen t h i c k n e s s  on SCC s u s c e p t i b i l i t y  of t h e  5A1-2.5Sn(ELI) 
b 
t i t a n i u m  a l l o y  was i n v e s t i g a t e d  by conduct ing t h e  tests summarized i n  Tab le  2-4. 
. 
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For each th ickness  (0.20, 0.10 and 0.05 inch o r  0.51, 0.25 o r  0.13 cm), t h r e e  
tests were performed. One load-unload test  was conducted i n  argon gas t o  
e v a l u a t e  t h e  e f f e c t  on flaw growth of t he  load ing  ramp used t o  apply t h e  sus- @ 
t a i n e d  loads.  Two subsequent sus t z ined  load  tests were conducted i n  methanol 
t o  eva lua t e  th ickness  e f f e c t s  on SCC s u s c e p t i b i l i t y .  
2 .1  Ma te r i a l s  
Both 2219-T87 aluminum and 5A1-2.5Sn(ELI) t i t an ium a l l o y s  were t e s t e d .  The 
2219-T87 p l a t e  s tock ,  1 .0  by 48.0 by 144.0 inches  (2 .5  x 121.9 x 365.8 cm), 
was purchased from a s i n g l e  h e a t  l o t  i n  t h e  T87 cond i t i on  p e r  BMS 7-105C 
(equiva len t  t o  MIL-A-8920 (ASG) s p e c i f i c a t i o n )  . S p e c i f i c a t i o n  l i m i t s  on 
chemical composition and mechanical p r o p e r t i e s  measured a t  The Boeing Company 
a r e  l i s t e d  i n  Tables 2-5 and 2-6, r e spec t ive ly .  Mechanical p r o p e r t i e s  a r e  
p l o t t e d  a g a i n s t  temperature  i n  F igure  2-1. The 5A1-2.5Sn(ELI) p l a t e  s t o c k ,  
0.375 by 36.0 by 72.0 inches (0.95 by 91.4 by 182.9 cm) , was purchased i n  
t h e  m i l l  annealed condi t ion  pe r  MIL-T-9046E. The p l a t e s  were reannealed i n  
an argon atmosphere w i th in  enclosed r e t o r t s  using a 1550F ( l l17K),  8 hour ,  
r e t o r t  cool  t reatment .  The r e s u l t i n g  mechanical p r o p e r t i e s  measured a t  The b 
Boeing Company a r e  l i s t e d  i n  Table 2-6 and p l o t t e d  a g a i n s t  temperature  i n  
F igure  2-2. C e r t i f i e d  ingot  composition is given i n  Table  2-5. 
Both aluminum and ti.tanium welds were prepared using t h e  GTA process .  
Aluminum welds were t e s t e d  i n  t h e  as-welded condi t ion .  Titanium welds were 
stress r e l i e v e d  a t  1250F (950K) f o r  one hour i n  an i n e r t  atmosphere. 
Mechanical p r o p e r t i e s  determined at The Boeing Company f o r  bo th  aluminum and 
t i t an ium welds a r e  l i s t e d  i n  Table 2-6 and a r e  p l o t t e d  a g a i n s t  temperature  
in Figures  2-1 and 2-2, r e spec t ive ly .  
F r a c t u r e  toughness va lues  f o r  t h e  aluminum and t i t an ium a l l o y  p l a t e  and 
t i t an ium welds a r e  summarized i n  Table 2-7; d a t a  f o r  t h e  aluminum a l l o y  
p l a t e  a r e  p l o t t e d  i n  Figure 2-3 and f o r  t h e  t i t a n i u m  a l l o y  p l a t e  and welds 
in  Figure 2-4. None of t h e  reported va lues  were o b t a i n i d  p e r  ASTM s t anda rds  
(6) f o r  p l ane  s t r a i n  f r a c t u r e  toughness tests. It has  been shown (5) ,  . 
Z 
however, t h a t  SF specimen f r a c t u r e  d a t a  agree  wi th  p lane  s t r a i n  f r a c t u r e  
toughness d a t a  obtained from ASTM recommended tests f o r  2219-T87 aluminum 
a l loy  p l a t e s  a t  temperatures ranging from 72F (295K) t o  -423F (ZOK), and 
f o r  5A1-2.5Sn(ELI) t i t an ium a l l o y  p l a t e  a t  -423F (20K). For 5A1-2.5Sn(ELI) 
t i t an ium a l l o y  p l a t e  a t  -320F, SF specimen f r a c t u r e  toughness va lues  were 
found (5) t o  exceed plane s t r a i n  f r a c t u r e  toughness va lues  obtained i n  
accordance wi th  t h e  ASTM methods (6) . 
The p l a t e  m a t e r i a l  t e s t e d  i n  t h i s  program was obta ined  from t h e  same h e a t s  
and r o l l i n g  ba tches  as were m a t e r i a l s  t e s t e d  i n  a companion program (5 ) .  
Since SF f r a c t u r e  toughness values had been previous ly  e s t a b l i s h e d ,  only a 
l imi ted  number of f r a c t u r e  toughness tests were conducted i n  t h i s  program. 
Data from both sources are included i n  Table 2-7. F rac tu re  toughness va lues  
obtained from DCB specimen t e s t s  a r e  less than  those f o r  SF specimens a t  
l e a s t  p a r t i a l l y  because of t h e  anisotropy of t h e  parent  p l a t e .  Appendix B 
inc ludes  d e t a i l e d  d e s c r i p t i o n s  of the  DCB specimen tests. 
. 
2.2 Procedures 
rl 2.2.1 Welding 
A l l  welds were prepared us ing  t h e  GTA welding process .  Deta i led  weld set- 
t i n g s  are included i n  Appendix C and gene ra l  procedures a r e  descr ibed below, 
I 
I .  
i 
I 2219-T87 Aluminum Procedures - Weld panels ,  1 .0  by 24 by 48 inches (2.5 by 
I 61.0 by 121.9 cm) f o r  SF specimens and 1.0 by 8 by 48 inches (2.5 by 20.3 by i 
i 121.9 cm) f o r  DCB specimens, were prepared by jo in ing  two i d e n t i c a l  pane l  
1 halves.  The square b u t t  fay ing  edges were wiped c l ean  with MEK, draw f i l e d ,  
i 
i scraped, and wrapped wi th  aluminum f o i l .  Panels  were handled wi th  l i n t  f r e e  
j gloves throughout t he  preweld *and welding ope ra t ions .  Time delay between 1 
weld p repa ra t ion  and welding was l e s s  than  s i x  hours .  Panels  were welded 
i n  t he  v e r t i c a l  p o s i t i o n  with a t h r e e  pass  procedure inc luding  one con- 
t inuous tack  pass  and one pene t r a t ion  pass  from each s i d e .  No remelt o r  
I .  r e p a i r  passes  were used. Radiographs showed t h a t  weld q u a l i t y  was 
I e xce l l en t .  
5A1-2.5Sn(ELI) Titanium Procedures - Weld pane l s ,  0.35 by 12  by 36 inches  
(0.89 by 30.5 by 91.4 cm) f o r  SF specimens and 0.35 by 3.5 by 36 inches  
(0.89 by 8.9 by 91.4 cm) f o r  DCB specimens were prepared by j o i n i n g  two 
i d e n t i c a l  pane l  ha lves .  One edge of each panel  h a l f  was machined s t r a i ~ h t  
and p a r a l l e l  w i th in  If: 0.005 inch  (+ 0.013 cm) wi th  a s u r f a c e  f i n i s h  of 
RMS 63 o r  b e t t e r ,  providing a square  b u t t  j o i n t  con f igu ra t i on .  The top 
and bottom panel  s u r f a c e s  were scraped over  a width of  0.5 inch (1.3 cm) 
from t h e  faying p lane  j u s t  p r i o r  t o  welding, and t h c  mating s u r f a c e s  were 
- 
. . wiped c l e a n  wi th  MEK. Panels  were welded i n  t h e  dormhand p o s i t i o n  i n  a 
con t ro l l ed  atmosphere weld chamber. Af t e r  t h e  pane l  components were a l igned ,  
-5 t h e  chamber was s ea l ed ,  evacuated t o  a p re s su re  of 1 x 10  mm Hg, and 
bzckf i l l e d  wi th  welding grade argon gas t o  atmospheric p re s su re .  Panels  
were then  welded us ing  a two pass  procedure,  i nc lud ing  one p e n e t r a t i o n  
pass from each s i d e .  The f i r s t  and second passes  r e s u l t e d  i n  100 and 
90 percent  pene t r a t i on  without  any measurable u n d e r f i l l  a long t h e  edges of 
the  weld bead. Radiographs showed t h a t  weld q u a l i t y  was e x c e l l e n t .  
. 
2.2.2 Specimen Prepara t ion  
b 
Double c a n t i l e v e r  beam (DCB) , s u r f  ace-f lawed (SF) , and mechanical p roper ty  
specimens were used t o  accomplish program o b j e c t i v e s .  Specimen configu- 
r a t i o n s  used f o r  each series of tests are summarized i n  Appendix C.  
Loading holes  i n  a l l  specimens were d r i l l e d  and reamed using j i g s  i n  which 
holes  had been loca t ed  t o  a to l e r ance  of + 0.001 inch (+ 0.025 mm). Grips 
were d r i l l e d  using t h e  same j i g s  i n  o rde r  t o  e f f e c t  accu ra t e  f i t s  between 
specimen and g r ip .  
The su r f aces  of a l l  SF specimens were machined f l a t  and p a r a l l e l  a f t e r  
specimen blanks had been c u t  from p l a t e  s t o c k  o r  weld pane ls .  Specimens 
conta in ing  welds we: e machined j u s t  enough t o  c l e a n  up t h e  weld. 
Various s i d e  groove geometries were used f o r  DCB s p e c i ~ e n s  i n  o r d e r  t o  
fo rce  t h e  c rack  t o  grow i n  t h e  o r i g i n a l  crack p lane .  Aluminum a l l o y  base  
u 
metal specimens were f a b r i c a t e d  with s emic i r cu l a r  shaped grooves having a 
depth of 10  pe rcen t  of t h e  specimen th ickness .  A l l  o t h e r  specimens contained 
Vee shaped s i d e  grooves having a r o o t  r a d i u s  of 0 .01 inch (0.025 cm) and an 
f 
included ang le  cf 60 degrees .  S ide  groove depths  were equa l  t o  10 and 1 5  
percent  of t h e  specimen th icknesses  f o r  t h e  aluminum weld and t i t an ium a l l o y  
DCB specimens, r e spec t ive ly .  Side groove geometries were s e l e c t e d  on t h e  
b a s i s  of  r e s u l t s  of an i n i t i a l  series of t e s t s  dkrected t o  an eva lua t ion  of 
t he  e f f e c t s  of s i d e  grooves on c rack  growth i n  DCB specimens. Resul t s  of 
these  tests a r e  included i n  Appendix B.  
A l l  s u r f a c e  f laws were prepared by growing f a t i g u e  cracks from s t a r t e r  s l o t s .  
S t a r t e r  s l o t s  were produced using an e l e c t r i c a l  d i scharge  machine and 0.06 
inch (0.15 cm) t h i c k  c i r c u l a r  e l ec t rodes  ; e l e c t r o d e  t i p s  were machined t o  
a r ad ius  of 0.003 inch (0.008 cm) and an included ang le  of  l e s s  than 20 
degrees.  Fa t igue  cracks were grown a t  72F (295K) i n  room a i r  using tension-  
tens ion  f a t i g u e  cyc les  w i th  an R va lue  of 0.06, frequency of 1800 cpm (30 
2 Hz),  and peak s t r e s s e s  of 1 2  and 25 k s i  (83 and 172 MN/m ) f o r  t he  aluminum 
and t i t an ium a l l o y  specimens, r e spec t ive ly .  
A l l  DCB specimens were precracked by growing f a t i g u e  cracks from t h e  ends of 
s t a r t e r  s l o t s .  The t i p s  of t h e  0.125 inch (0.317 cm) wide mi l led  s t a r t e r  
s l o t s  were machined with an included angle  of 60 degrees  and a r o o t  r ad ius  of 
0 Q03 inch  (0.008 c m )  us ing an e l e c t r i c a l  d i scharge  machine. Fa t igue  cracks 
were grown t o  a l eng th  of about 0.10 inch  (0.25 cm) us ing  peak c y c l i c  loads  
of 1500, 2000, and 2500 pounds (6672, 8896, and 11,120 N) f o r  t i t an ium,  
aluminum weld, and alumi;tr,n base meta l  DCB specimens, r e spec t ive ly  . 
A l l  specimens were cleaned a f t e r  having been precracked. Aluminum a l l o y  
specimens were vapor degreased and t i t an ium a l l o y  specimens were a l k a l i n e  
cleaned. A l l  c leaned specimens were handled wi th  whi te  gloves and sea l ed  
i n  p l a s t i c  bags u n t i l  t e s t e d .  Aluminum a l l o y  specimens t e s t e d  i n  f l u o r i n e  
o r  FLOX were f u r t h e r  c leaned immediately p r i o r  t o  t e s t i n g  us ing  t h e  pro- 
cedure d e t a i l e d  i n  Appendix E. 
Tes t i n g  2.2.3 C 
Surface Flawed Specimens - A 1 1  specimens were t e s t e d  i n  t e n s i l e  t e s t  machines t 
a f t e r  t h e  s u r f a c e  cracks had been f looded w i t h  t h e  t e s t  medium and brought 
t o  t he  c o r r e c t  temperattrre. 
Tes t  media were contained e i t h e r  i n  smal l  s e a l e d  cups clamped t o  t h e  s p w i -  
nen over t he  c rack  c a v i t y ,  o r  i n  enclosed c r y o s t a t s  surrounding t h e  e n t i r e  
test specimen. A l l  media except  LN2, LH2, and GH2 a t  -4238 (20K) were 
contained i n  cups.  A t y p i c a l  cup and clamping b a r  is  shown i n  F igure  2-5. 
Tef lcn  s e a l s  were used except  i n  f l u o r i n e  and FLOX where meta l  s e a l s  were 
used. The remaining environments were contained i n  c r y o s t a t s  surrounding 
t h e  e n t i r e  specimen. 
Tes t  temperaeures were obtained by submerging t h e  cups  and/or  t e s t  spec i -  
mens i n  a medium a t  the des i r ed  temperature.  T e s t s  a t  72F (295K) were 
conducted i n  a n  enclosed a ir  c ~ n d i t i o n e d  l a b o i a t o r y .  T e s t s  i n  helium and 
hydrogen gas a t  ambient temperatures were conducted out  of doors over  a 
temperature range  of 40 t o  60F (278 t o  289K). No measurement of spec i -  
men temperature  was made. Tes t s  a t  -320F (78K) and -423F (20K) were 
conducted i n  l i q u i d  n i t rogen  and l i q u i d  hydrogen ba ths  a t  ambient p ressure ,  
r e spec t ive ly .  F i n a l l y ,  tests i n  gaseous hydrogen a t  about  -423F (20K) 
were performed by submerging t h e  lower h a l f  of t h e  specimen i n  l i q u i d  
hydrogen w i t h i n  an enclosed c r y o s t a t .  The l i q u i d  l e v e l  was kept  s l i g h t l y  
more than P i nch  (2.5 cm) below t h e  crack by an automatic  l i q u i d  l e v e l  
c o n t r o l  sys  tern t r i gge red  by l i q u i d  l e v e l  s enso r s .  
Severa l  environments inc lud ing  GH GO2, H e ,  F2, OF2 and FLOX were 2 ' 
obtained from pressur ized  b o t t l e s  t h a t  were used a s  t h e  source  of bo th  
t e s t  medium and pressure .  A l l  o the r  environments were pressur ized  wi th  
welding grade argon gas .  
< a  Specimens t e s t e d  i n  environmelts o t h e r  than  those conta in ing  f l u o r i n e  wete 
exposed t o  t h e  t e s t  medium p r i o r  t o  t h e  a p p l i c a t i o n  of load .  For environments 
I con ta in ing  f l u o r i n e ,  t h e  fol lowing procedure was csed:  1 r 
1 
i 
1) I n s t a l l  specimen and environment chamber i n  t h e  test machine and pas s iva t e  1 wi th  t e s t  medium a t  ambient temperature; 
2) Purge and p r e s s u r i z e  system wi th  helium gas; " 
3) Load specimen t o  70 percent  of maximum t e s t  load;  
4 )  Tighten pressure  cups u n t i l  l e a k s  a r e  ha l t ed ;  
5) In t roduce  t e s t  environnent ;  
6) Af t e r  environment i s  s t a b i l i z e d ,  load  specimen t o  maximum t e s t  load.  
A t  t h e  conclusion I.£ a l l  sus ta ined  load  tests, specimens were subjec ted  t o  
f a t i g u e  loadings  t o  d e l i n e a t e  t h e  f law per iphery ,  and were then loaded t o  




1 DCB S p e c l m e ~  - DCB specimens were loaded by fo rc ing  a  p in- l ike  wedge i n t o  t h e  1 '  
c e n t r a l  loading  hole  of t h e  DCB specirnt7ns as i l l u s t r a t e d  i n  Figure 2-6. The 
p ins  were i n s e r t e d  using a  bench vise and t h e  maximum stress i n t e n s i t y  f a c t o r s  
II 
were con t ro l l ed  by micrometer measurements of d e f l e c t i o n  ac ros s  t h e  s l o t t e d  
end of the  specimen us ing  procedures descr ibed i n  Appendix B. For t i tanium 
I !  
specimens, a cap was used t o  prevent l a t e r a l  d e f l e c t i o n  of t h e  specimen arms 
during loading.  
1 medium p r i o r  t o  loading of specimens. For t e s t s  l i s t e d  i n  Table 2-3, specimens 
i 
i 
were loaded wi th  the  c rack  t i p  submerged i n  t h e  test environment. The chambers 
For tests l i s t e d  i n  Tables  2-1 and 2-2, specimens were loaded i n  room a i r  and 
placed i n  a  t e s t  chamber t h a t  had been cleqrxed, then  f i l l e d  with t h e  t e s t  
wcre sea l ed  us ing  a f langed top conta in ing  an O-ring s e a l ,  then pressur ized .  
Test  temperatures were con t ro l l ed  by submerging t h e  test chambers i n  e i t h e r  
a i r ,  l i q u i d  n i t rogen ,  o r  l i q u i d  hydrogen a t  ambient pressure .  Tes t s  a t  72F 
(295K) were conducted wi th in  an  enclosed a i r  condi t ioned labora tory  i n  which 
specimens, environments, and t e s t  chambers were s t o r e d  p r i o r  t o  t e s t i n g .  
Tes ts  i n  hydrogen and helium gas a t  ambient temperatures  were conducted o u t  b 
of doors  over a temperature range o f  40 t o  60F (278 t o  289K). Actual  specimen 
temperatures were n o t  monitored. Tes t s  a t  -320F (78K) were conducted wi th  t h e  I 
test chambers submerged i n  l i q u i d  n i t r o g e n  under ambient p ressure .  For tests 
i n  hydrogen gas ,  t he  test chambers were purged wi th  helium gas,  submerged i n  
l i q u i d  n i t rogen  f o r  f i f t e e n  minutes,  t hen  b a c k f i l l e d  with hydrogen gas.  For 
tests i n  F 2, OFq, and FLOX, t h e  chambers were purged wi th  helium gas ,  pass iva ted  
with t h e  media i n  gaseous form, and then  submerged i n  l i q u i d  n i t rogen .  The test 
media were added t o  t h e  tes t  chambers a s  requi red  t o  maintain t h e  des i r ed  
p re s su re  u n t i l  t h e  chambers were f i l l e d  w i t h  l i q u i d .  Tes t  du ra t i on  was measured 
from t h e  t i m e  a t  which t h e  test chambers became f i l l e d  w i th  l i q u i d .  Tes t s  i n  
helium gas a t  -423F (20K) were conducted wi th  t h e  test chambers submerged i n  
l i q u i d  hydrogen. 
I 
Three DCB specimens were s imultaneously t e s t e d  i n  each environment. For non-- 
hazardous environments, specimens were i n d i v i d u a l l y  removed from t h e  t e s t  
environment a f t e r  success ive ly  longer  pe r iods  of exposure ranging from about 20 
t o  250 hours .  For hazardous environments,  a l l  specimens were removed a t  one 
t i m e  . 
I 
After  each specimen had been removed from t h e  test environment, t h e  micrometer 
d e f l e c t i o n  a c r o s s  t h e  s l o t t e d  end of t h e  specimen was remeasured, load ing  p i n s  
were removed, and t h e  specimen w a s  p i n  loaded i n  a test machine t o  t h e  load  
requi red  t o  e f f e c t  t h e  same micrometer d e f l e c t i o n  a s  t h a t  measured a t  t h e  end 
of t h e  test.  
This load  was used i n  t h e  c a l c u l a t i o n  of stress i n t e n s i t y  f a c t o r  a t  t h e  t i m e  
each test w a s  terminated. The specimen was then sub jec t ed  t o  f a t i g u e  cyc l e s  
t o  d e l i n e a t e  t h e  crack f r o n t  before  being loaded t o  f a i l u r e , ,  
Mechanical Proper ty  L~ec imens  - Tes t s  were conducted us ing  a s t r a i n  r a t e  of 
0.005/minute u n t i l  y i e l d  s t r e n g t h  had been exceeded; t h e  s t r a i n  r a t e  was then 
increased  t o  0.02/minute u n t i l  f a i l u r e .  
# 
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2.2.4 I n t e r p r e t a t i o n  of Resu l t s  
Crack growth was observed i n  a l l  sus ta ined  load t e s t s  of  both DCB and SF 
specimens. I n  some specimens, c rack  growth occurred only  during t h e  loading  
ramp of the  sus t a ined  load  p r o f i l e s .  I n  o t h e r  specimens, c rack  growth 
occurred bc"h during t h e  loading ramp and subsequent sus t a ined  load .  Hence, 
a procedure had t o  be developed t o  d i s t i n g u i s h  time dependent c rack  growth 
from crack growth t h a t  occurred dur ing  t h e  loading process .  I n  genera l ,  t h i s  
could be accomplished by vislsal observa t ions  of t he  f r a c t u r e  su r f ace ,  using 
a 3 0 : ~  microscope. When s i g n i f i c a n t  t i m e  dependent growth occurred,  two 
d i s t i n c t  bands of crack growth were noted on t h e  f r a c t u r e  sur face .  The f i r s t  
band was due t o  crack growth t h a t  occurred dur ing  t h e  loading  ramp; t he  
second band was due t o  SCC t h a t  occurred during t h e  sus tu lned  load  period.  
In  add i t i on ,  t h e  f r a c t u r e  su r f aces  of a l l  su s t a ined  load  specimens were 
compared t o  those  of specimens t h a t  had been subjec ted  only  t o  t h e  loading 
ramp of t he  sus ta ined  load  p r o f i l e .  
Resul t s  were evaluated i n  terms of t h e  stress i n t e n s i t y  f a c t o r  def ined  by 
l i n e a r  e l a s t i c  f r a c t u r e  mechanics theory.  S t r e s s  i n t e n s i t y  f a c t o r s  f o r  DCB 
specimens were ca l cu la t ed  using t h e  semi-empirical equat ion  
where P i s  appl ied  load,  b i s  specimen width, bn i s  crack  width, a i s  crack 
length ,  a. i s  an experimental ly  determined increment o f  crack l eng th ,  2h is 
the  specimen he igh t ,  and IJ is  Poisson ' s  r a t i o .  Values of a o were Pound t o  
be 0.90 and 0.78 inch (2.29 and 1.98 cm) f o r  aluminum and t i tan ium a l l o y  
specimens, r e spec t ive ly .  Methods and d a t a  used t o  eva lua t e  aQ are descr ibed  
i n  Appendix B .  
S t r e s s  i n t e n s i t y  f a c t o r s  f o r  most SF specimens were ca l cu la t ed  us ing  t h e  
equat ion (Ref. 8 ) .  
a- - 
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where o is a uniform t e n s i l e  stress a c t i n g  perpendicular  t o  t he  plane of t h e  
c rack;  a and Q a r e  def ined i n  F igure  2-7. Equation 2 i s  app l i cab le  f o r  
e l a s t i c  s t r e s s  l e v e l s  and s u r f a c e  cracks with depth t o  length  (a/2c) and depth e 
t o  p l a t e  th ickness  ( a / t )  r a t i o s  l e s s  than one--half (8) .  Equation 2 was used I 
exclus ive ly  except  f o r  t e s t s  undertaken t o  eva lua t e  t h e  e f f e c t  of SF specimen 
th ickness  on SCC s u s c e p t i b i l i t y .  In  t he  excepted t e s t s ,  f law depths exceeded 
t 
one-half t h e  specimen thickness  and stress i n t e n s i t y  was La lcu la t ed  using 
the  equat ion 
K~ = 1.1 MK(r J!y (3) 
where is a f a c t o r  t h a t  accounts f o r  t he  e f f e c t  on s t r e s s  i n t e n s i t y  of t he  
back specimen face .  Values of r( were taken from Figure 57 i n  Reference 9 .  
The referenced Y( values  were experimental ly  evaluated us ing  t e s t s  of 0.20 
inch (0.51 cm) t h i c k  Ti-5A1-2.5Sn(ELI) a l l o y  SF specimens a t  -320F (78K) and 
-423B (20K). 
2.3 Resu l t s  and Discussion 
Raw d a t a  f o r  a l l  environmental survey t e s t s  a r e  included i n  Tables  A 1  t h r o u ~ h  & 
A12 i n  Appendix A.  The raw d a t a  a r e  summarized i n  Figures  2-8 through 2-15 
which show the  s t r e s s  i n t e n s i t y  f a c t o r s  a t  both t h e  beginning and end of 
t h e  longes t  du ra t ion  sus ta ined  load t e s t  conducted i n  each t e s t  environment. 
The i n i t i a l  s t r e s s  i n t e n s i t y  f a c t o r s  a r e  denoted by c i r c l e s  and the  f i n a l  
s t r e s s  i n t e n s i t y  f a c t o r s  a r e  denoted by t r i a n g l e s .  When no SCC was observed 
i n  a given t e s t ,  t he  s t r e s s  i n t e n s i t y  f a c t o r s  are represented  by open symbols. 
PJhen SCC was observed, s o l i d  symbols a r e  used. Note t h a t  s t r e s s  i n t e n s i t y  
f a c t o r s  decreased during DCB specimen tests s i q c e  t h e  qec imens  were subjec ted  
t o  cons tan t  opening mode de f l ec t ions ;  s t r e s s  i n t e n s i t y  f a c t o r s  increased 
during SF specimen t e s t s  under cons tan t  appl ied  loadings .  Other test d e t a i l s  
a r e  a l s o  summarized i n  Figures  2-8 through 2-15 inc luding:  test dura t ion ,  
c rack  propagation d i r e c t i o n  ( s e e  Figure 2-16), loading environment ( e i t h e r  
room a i r  o r  t e s t  medium), specimen type (DCB o r  SF),  and t e s t  environment. 
. 
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4 2.3.1 Discussion of Titanium Alloy Resul t s  
I. Both 5A1-2.5Sn(ELI) t i t an ium base  metal  and weld meta l  underwent SCC i11 
s e v e r a l  environments a s  noted i n  Figures  2-8 through 2-11. The s e v e r i t y  of 
s u s c e p t i b i l i t y  t o  SCC was found t o  depend on environment, c rack  propagation 
d i r e c t i o n ,  and loading environment ( a i r  o r  t e s t  medium). There were i n d i c a t i o n s  
t h a t  s u s c e p t i b i l i t y  can a l s o  be  inf luenced by m a t e r i a l  cond i t i on  ( p l a t e  o r  weld) 
and specimen type  (SF o r  DCB). 
E f f e c t s  of T e s t  Environment 
The Ti-5A1-2.5Sn(ELI) p l a t e  and welds were s u s c e p t i b l e  t o  SCC i n  t h e  environ- 
ments of methanol, methanol p lus  two percent  (by volume) d i s t i l l e d  wa te r ,  dye 
penet ran t  (ZL-2A), 3-1/2 percent  sodium ch lo r ide  so1,ution ( s a l t  water ) ,  e thanol  
p lus  two percent  (by volume) d i s t i l l e d  water ,  and d i s t i l l e d  water.  The base  
metal  underwent crack propagat ion i n  hydrogen gas a t  ambient temperatures.  The 
weld  metal was prone t o  SCC i n  methyl e t h y l  ketone and e thanol .  No SCC was 
observed i n  e i t h e r  base o r  weld metal  i n  t h e  72F (29510 environments of argon, 
a i r ,  acetone,  and helium, or  i n  the  cryogenic environments of l i q u i d  n i t rogen  
and l i q u i d  hydrogen. An i n d i c a t i o n  of t h e  r e l a t i v e  aggressiveness  of t h e  
Y 
environments t h a t  promoted SCC call be obtained from Figures  2-8 through 2-11 
by comparing values of s t r e s s  i n t e n s i t y  f a c t o r s  a t  test te rmina t ion  i n  the  
var ious  environments. For DCB t e s t s ,  SCC s u s c e p t i b i l i t y  i s  inve r se ly  r e l a t e d  
t o  t h e  va lue  of the  te rmina l  s t r e s s  i n t e n s i t y  f a c t o r  which is  a t  o r  near  t h e  
K ~ s c c  value. For example, base metal  DCB specimens t h a t  were loaded i n  t he  
t e s t  medium (WR d i r e c t i o n  t e s t s  i n  Eigure  2-8) show t h a t  methanol, d i l u t e  
methanol, and s a l t  water a r e  equa l ly  aggress ive  environments. Dye pene t r an t ,  
d i l u t e  e thanol ,  and d i s r i l l e d  water were progress ive ly  l e s s  aggressive.  
The absolu te  values of enviranmentally induced crack  growth observed i n  each 
of t h e  suscep t ib l e  environments a r e  summarized i n  Figure 2-17 and Tkble 2-8. 
F rac tu re  f aces  of s e l e c t e d  specimens a r e  shown i n  Figure 2-18. The amounts 
~f SCC observed i n  base. metal  DCB specimen t e s t s  were s u b s t a n t i a l  i n  aggress ive  
environments, e .g . ,  2.05 inches  (5.21 cm) during 116 hours of exposure t o  s a l t  
e water .  Large amounts of SCC were a l s o  observed f o r  base  meta l  t e s t s  i n  t he  
environments of  dye pene t r an t ,  d i l u t e  ne thanol ,  and methanol. 
* 
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The d i l u t e  a l c o h o l  environments were t e s t e d  i n  view of p r i o r  test r e s u l t s  (10) 
showing t h a t  a d d i t i o n  of water t o  methanol i n  amounts exceeding about one 
percent  by volume could markedly increase  t i m e  t o  f a i l u r e  f o r  smooth t i t an ium s 
f o i l  specimens. Typica l  smooth specsimen test r e s u l t s  (10) are included i n  
F igure  2-19 f o r  pure  t i t an ium (CP35A), and Ti-6A1-4V. I n  t he  precracked 
specimen t e s t s  conducted i n  t h i s  program, t h e  a d d i t i o n  of two percent  by 
volume of d i s t i l l e d  water t o  methanol moderately reduced SCC s u s c e p t i b i l i t y  
i n  both  weld meta l  and base meta l  DCB t e s t s  (see RW d i r ec t ion / load - in -a i r  
t e s t s  i n  Figures  2-6 and 2-10). Base metal  SF specimen t e s t  r e s u l t s  were 
e s s e n t i a l l y  i d e n t i c a l  i n  t he  pure and d i l u t e  methanol environments, whereas 
t h e  r a t e  of c racking  i n  weld metal DCB t e s t s  was slowed by t h e  add i t i on  of 
water.  It remains t o  be seen whether add i t i ons  of g r e a t e r  amounts of water  
would f u r t h e r  i n h i b i t  SCC i n  precracked specimens. A s y n e r g i s t i c  e f f e c t  was 
noted i n  both base and weld metal  t e s t s  i n  t he  environment of d i l u t e  e thano l .  
For base metal ,  t h e  e f f e c t  w a s  noted i n  DCB specimen t e s t s  (WR d i r ec t ion / loaded  
i n  t e s t  medium) i n  Figure 2-8; f o r  t e s t s  having near ly  equal  du ra t ions ,  t h e  
d i l u t e  echanol promoted more SCC than e i t h e r  of the  pure e thanol  o r  d i s t i l l e d  
water  environments. A s i m i l a r  e f f e c t  was noted i n  t he  SF specimen tests f o r  
t h e  weld metal  (Figure 2-10). 
Cracking s u s c e p t i b i l i t y  of 5A1-2.5Sn(ELI) t i t an ium base metal  i n  ambient 
t he  cracking tendencies  of Ti-5A1-2.5Sn(ELI) i n  hydrogen gas was dependent on 
both pressure  and temperature.  The t e s t s  conducted i n  t h i s  program were of 
s h ~ r t  dura t ion  (24 hours f o r  t h e  DCB and 10  hours f o r  t h e  SF specimens) and 
t h e r e  is a p o s s i b i l i t y  t h a t  longer  du ra t ion  t e s t s  would have r e s u l t e d  i n  more 
hydrogen gas environments was found t o  be  pressure  dependent, i . e . ,  cracking 
C) 
was observed a t  100 p s i g  (689.5 k ~ / m &  gage pressure)  bu t  no t  a t  30 p s i g  
2 (689.5 kNjm gage pressure)  a s  shown i n  F igure  2-9, Williams (11) found t h a t  
cracking.  T e s t s  of precracked t i tanium a l l o y  specimens i n  hydrogen gas have 
shown t h a t  f o r  i n i t i a l  s t r e s s  i n t e n s i t y  f a c t o r s  l e s s  than  t h e  c r i t i c a l  va lue ,  
r a p i d  cracking t o  f a i l u r e  occurs only a f t e r  some f i n i t e  t i m e  per iod o r  incuba- 
t i o n  per iod ,  a s  schematical ly  i l l u s t r a t e d  i n  Figure 2-20. The t e s t  du ra t ions  
i n  t h i s  program may no t  have been s u f f i c i e n t l y  longer  than t h e  corresponding 
incubat ion  per iods  t o  r e s u l t  i n  maximum cracking.  
Results  f o r  t e s t s  i n  LX2 and LH a r e  s i m i l a r  t o  t hose  previous ly  repor ted  by 2 
Lorenz (3). I n  LH,, Lorenz determined a threshold  stress i n t e n s i t y  f a c t o r  
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from t en  hour du ra t ion  tests equal  t o  o r  g r e a t e r  than  90 percent  of t h e  plane 
312) s t r a i n  f r a c t u r e  toughness of 52 ksi- (57 MN/m . I n  t h i s  t e s t  program, 
t h e  t e n  hour threshold  s t r e s s  i n t e n s i t y  f a c t o r  i n  LH w a s  g r e a t e r  than  n ine ty  2 
percent  of t h e  corresponding f r a c t u r e  toughness of 70 k s i 6  (77 M N / ~  312) 
I n  LN2, Lorenz found t h a t  threshold stress i n t e n s i t y  w a s  s e n s i t i v e  t o  appl ied 
stress l e v e l .  For s t r e s s e s  i n  excess of 85 percent  of t he  t e n s i l e  y i e l d  
s t r e s s ,  t h e  t e n  hour thresha ld  stress i n t e n s i t y  f a c t o r  was 82 percent  of t he  
f rac tur r .  toughness of 71  k s i  \lI;; (78 MN/m3I2) ; f o r  s t r e s s e s  less than t h e  above 
value,  t h e  threshold  s t r e s s  i n t e n s i t y  w a s  very n e a r l y  equal  t o   he f r a c t u r e  
toughness. In  t h i s  i n v e s t i g a t i o n ,  sus ta ined  load  t e s t s  were conducted a t  s t r e s s  
l e v e l s  equal  t o  seventy percent  of the t e n s i l e  y i e l d  stress and the  t e n  hour 
threshold s t r e s s  i n t e n s i t y  f a c t o r  was g r e a t e r  than  n ine ty  percent  of t h e  
f r a c t u r e  toughness va lue  of 84 k s i a  (92 MN/m 312) 
No at tempt  w i l l  be  made t o  quote K va lues  f o r  any of t h e  mater ia l lenvi ron-  I s c c  
ment combinations t e s t e d  i n  t h i s  program. Fundamentally o r i en t ed  i n v e s t i g a t i o n s  
of SCC i n  t i t an ium a l l o y s  (12) have shown t h a t  t r u e  threshold  s t r e s s  i n t e n s i t y  
f a c t o r s  below which no SCC w i l l  occur do not  appear t o  e x i s t  f o r  many m a t e r i a l /  
environment combinations. Rather ,  SCC progresses  a t  con t inua l ly  decreasing 
rates a t  t h e  lower s t r e s s  i n t e n s i t y  l e v e l s  a s  schemat ica l ly  shown i n  Figure 2-21. 
It is y e t  t o  be  determined what happens a t  very low s t r e s s  i n t e n s i t y  f a c t o r s .  
There a r e  some material/environment combinations f o r  which t h e r e  does appear t o  
be  a t r u e  K Iscc, e.g. ,  t i t an ium a l l o y s  i n  aqueous s o l u t i o n s .  Figure 2-21 a l s o  
shows how s t r e s s  i n t e n s i t y  f a c t o r  - SCC v e l o c i t y  r e l a t i o n s h i p s  can be divided 
i n t o  thre,e reg ions ,  one a t  low and one a t  high stress i n t e n s i t y  f a c t o r s  (Regions 
I and 111) i n  which v e l o c i t y  is  s t rong ly  dependent on stress i n t e n s i t y  f a c t o r ,  
and an in te rmedia te  reg ion  (Region 11) i n  which v e l o c i t y  is  independent of 
s t r e s s  i n t e n s i t y  f a c t o r .  
E f f ec t  of Crack Propagation Di rec t ion  
S u s c e p t i b i l i t y  of t h e  5A1-2,5Sn(E~1) t i t an ium a l l o y  p l a t e  was dependent on c rack  
I 
propagation d i r e c t i o n .  The WR d i r e c t i o n  (See F igure  2-16) was more s u s c e p t i b l e  
than  the  RW d i r e c t i o n  i n  d i s t i l l e d  water ,  d i l u t e  e thano l ,  dye penet ran t  (ZL-2A), ' 
I\ 
salt  water and d i l u t e  methanol. The WR d i r e c t i o n  w a s  no t  t e s t e d  i n  pure methanol. 
I n  t he  s a l t  water  environment, cracking i n  t he  RW specimen devia ted  from t h e  
o r i g i n a l  c rack  plane and progressed i n  t he  WR d i r e c t i o n .  S imi l a r  r e s u l t s  have 
been r epor t ed  (12) f o r  numerous o t h e r  t i tanium a l l o y s .  Var ia t ions  i n  SCC behavior  
w i t h  crack propagat ion d i r e c t i o n  a r e  due t o  t e x t u r i n g  ( p r e f e r e n t i a l  g r a i n  o r i e n t a -  
t i o n )  i n  t h e  p l a t e  ma te r i a l s  (12). I n  a a l l o y s ,  c racking  occurs  near  t h e  b a s a l  
p lane  60 t h a t  t he  l i n i n g  up of t h e  suscep t ib l e  p lanes  i n  t h e  c r y s t a l s  i nc reases  
SCC s u s c e p t i b i l i t y .  However, a pole  f i g u r e  f o r  t h e  5A1-2.5Sn(ELI) p l a t e  m a t e r i a l  
t e s t e d  i n  t h i s  program showed no de t ec t ab le  t ex tu r ing .  
E f f e c t s  of Loading Environment 
The amount of cracking observed i n  t h e  base  metal  t e s t s  was found t o  b e  s t rong ly  
inf luenced by loading environment. Base metal  DCB specimens t h a t  were loaded 
i n  labora tory  a i r  p r i o r  t o  be ing  placed i n  the  test medium were l e s s  s u s c e p t i b l e  
t o  SCC than were specimens t h a t  were loaded and t e s t e d  without  removal from t h e  
r e s t  medium. This  r e s u l t  was obtained from t e s t s  i n  d i s t i l l e d  water ,  d i l u t e  
e thano l ,  dye penet ran t ,  s a l t  water ,  and d i l u t e  methanol a s  shown i n  F igure  
2-8, S imi la r  r e s u l t s  have been repor ted  elsewhere (13,14) and are thought 
t o  be due t o  the  very r ap id  oxida t ion  of the  f r e s h  c rack  su r f aces  generated 
dur ing  t h e  exposure t o  room a i r .  
Comparison Between Base and Weld Metal Behaviors 
The r e l a t i v e  SCC r e s i s t a n c e  of 5A1-2.5Sn(ELI)' t i t an ium base and weld metal  can 
be  e w l u a t e d  using the  SF specimen test r e s u l t s  as summarized i n  t h e  upper p a r t  
of Figure 2-17. I n  genera l ,  SCC v e l o c i t i e s  i n  t h e  weld meta l  specimens tended 
t o  be l e s s  than those i n  t h e  base metal specimens. For example, the b a s e  and 
weld metal  specimens f a i l e d  a f t e r  0.008 and 0.17 hours of exposure t o  sal t  
water, r e spec t ive ly .  Similar  r e s u l t s  were obtained i n  methanol and d i l u t e  
methanol. On the  o ther  hand, t h e r e  were two environments (e thanol  and MEK) 
i n  which SCC was observed i n  t h e  weld metal ,  b u t  no t  i n  t h e  base metal.  On 
t h e  b a s i s  of the  foregoing observa t ions ,  t he re  d i d  not  seem t o  be  a g r e a t  d e a l  
of d i f f e r ence  between SCC r e s i s t a n c e  of t he  weld and base metals t e s t e d  i n  t h i s  
program. The DCB specimen r e s u l t s  shown i n  the  lower p a r t  of F igure  2-17 show 
t h e  weld metal  t o  be supe r io r  t o  base metal i n  terms of SCC r e s i s t a n c e .  However, 
t h e  SCC r e s i s t a n c e  of t h e  weld metal i n  DCB specimens w a s  probably enhanced by 
loading t h e  specimens i n  room a i r .  
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\ On t h e  b a s i s  of fundamental i n v e s t i g a t i o n s  of SCC i n  t i t an ium a l l o y s  (12) ,  i t  
was concluded t h a t  5A1-2.5Sn(ELI) t i t an ium weld metal  should have SCC r e s i s t a n c e  
equal  o r  supe r io r  t o  t h e  base metal. Welding i s  a f3 process  and s i n c e  t h e  581-2.5 
4 $ Sn(EL1) a l l o y  conta ins  i r o n  (a  p phase s t a b i l i z e r ) ,  t h e  weld metal  could take  on 
some of t h e  supe r io r  SCC c h a r a c t e r i s t i c s  exh ib i t ed  by f3 processed ma te r i a l .  
f I! Furthermore, t he  g ra ins  should be more randomly o r i e n t e d  i n  a c a s t  weld s t r u c t u r e  
1 than i n  a h o t  r o l l e d  p l a t e  and t h i s  should improve SCC r e s i s t a n c e  s i n c e  prefer -  
e n t i a l  g r a i n  o r i e n t a t i o n  can  have a s t rong  de t r imen ta l  e f f e c t  on SCC r e s i s t a n c e .  
E f f e c t s  of Specimen Type 
Neither  t he  base  metal  nor  weld metal d a t a  allow a good comparison between SCC 
behavior determined from tests of SF and DCB specimens. It had been o r i g i n a l l y  
planned t o  test SF speciniens us ing  i n i t i a l  s t r e s s  i n t e n s i t y  f a c t o r  va lues  both 
s l i g h t l y  above and s l i g h t l y  below t h e  KIscc va lue  determined from t h e  DCB 
t e s t s .  The i n i t i a l  set of t e s t s  were conducted using DCB specimens loaded 
i n  a i r  and very l i t t l e  SCC w a s  observed. It was then decided t o  t e s t  t h e  
SF specimens a t  the  h ighes t  stress i n t e n s i t y  f a c t o r  t h a t  could be generated 
under condi t ions  i n  which the  e l a s t i c  stress i n t e n s i t y  f a c t o r  determined 
. m a t e r i a l  behavior  a t  t h e  crack t i p ,  i .e., about 65 k s i  6 It was l a t e r  
r e a l i z e d  t h a t  both crack propagat ion d i r e c t i o n  and loading  medium had a 
s i g n i f i c a n t  e f f e c t  on SCC. There a r e  some ind ica t ions  t h a t  SF specimens 
r e s u l t e d  i n  g r e a t e r  SCC s u s c e p t i b i l i t y  ' than  d i d  the  DCB specimens f o r  t h e  
m a t e r i a l  th ickness  t e s t ed .  A comparison of average SCC v e l o c i t i e s  observed 
i n  DCB and SF specimens f o r  the RW and RT d i r e c t i o n s  of t he  5A1-2.5Sn(ELI) 
p l a t e  m a t e r i a l  (using d a t a  i n  Figure 2-8) shows t h a t  t h e  SCC v e l o c i t i e s  were 
much higher  i n  SF specimens than  i n  DCB specimens f o r  t h e  environments of dye 
pene t r an t  and methanol. I n  dye pene t r an t ,  t h e  average SCC ve loc i ty  (crack 
g rowth l t e s t  dura t ion)  i n  t h e  DCB specimen t h a t  w a s  loaded i n  environment was 
-6 3 x loe3 incheslhour  (2.1 x 1 0  cmlsec) a t  a n  average stress i n t e n s i t y  f a c t o r  
of 100 k s i 6  The corresponding v e l o c i t y  i n  t he  SF specimen was about  
0.2 i n / h r  (0.14 x cm/sec) a t  an average s t r e s s  i n t e n s i t y  f a c t o r  of about 
90 k s i &  It is  evident  t h a t  t he  SCC v e l o c i t y  i n  t h e  SF specimen was 
considerably 5 r e a t e r  than  i n  t h e  DCB specimen even though t h e  appl ied  s t r e s s  
i n t e n s i t y  f a c t o r s  were lower. I n  d i l u t e  methanol, t h e  average SCC v e l o c i t i e s  
were 3 x i n / h r  (2.8 r cm/sec) and 4.8 x i n / h r  ( 3 . 4  x cm/sec) 
i n  t h e  DCB and SF specimens, r e spec t ive ly ;  t he  corresponding average stress 
i n t e n s i t y  f a c t o r s  were 60 and 74 ksiC/il;, r e s p e c t i v e l y .  The average SCC & 
v e l o c i t i e s  showed considerably b e t t e r  agreement i n  t he  d i l u t e  methanol than  i n  
t he  dye penetrant .  Nevertheless ,  t h e r e  d i d  seem t o  be a tendency f o r  SCC t o  ir' 
be more pronounced i n  SF than i n  DCB specimens. S imi la r  r e s u l t s  were obtained 
i n  weld metal t e s t s  conducted i n  the  environments of methyl e t h y l  ketone (MEK), 
s a l t  water ,  methanol, and d i l u t e  methanol ( see  Figure 2-10). However, t h e  weld 
metal r e s u l t s  were n o t  d i r e c t l y  comparable s i n c e  t h e  DCB specimens were loaded 
i n  a i r  and t h e  SF specimens were loaded i n  t he  t e s t  medium. 
It is  reasonable t o  expect  t h a t  d i f f e r ences  i n  SCC s u s c e p t i b i l i t y  determined 
from t e s t s  of DCB and SF specimens could be observed. It has been previous ly  
demonstrated (15) t h a t  specimen thickness  can have a marked e f f e c t  on SCC 
s u s c e p t i b i l i t y  a s  determined from through-the-thickness cracked specimens, 
This  is  i l l u s t r a t e d  by the  r e s u l t s  included i n  Figure 2-22 f o r  6~1-4V and 
8A1-1 Elo-1V t i tan ium a l l a y s .  Thickness e f f e c t s  a r e  be l ieved  t o  b e  due t o  
changes i n  c o n s t r a i n t  t o  crack t i p  deformations a s  t h i ckness  changes, i . e . ,  
changes from plane s t r e s s  to  p lane  s t r a i n  condi t ions .  The SCC s u s c e p t i b i l i t y  
i nc reases  a s  plane s t r a i n  condi t ions  a r e  approached. Since less th ickness  is 
thought to  be  required t o  genera te  plane s t r a i n  condi t ions  i n  SF specimens 
td 
t han  i n  through-the-thickness cracked specimens (5), t h e r e  should be  a range 
of th icknesses  over which SF specimens would r e s u l t  i n  g r e a t e r  SCC v e l o c i t i e s  
and lower apparent  KIscc values than would through-cracked specimens of equal  
th ickness .  The 0.375 inch t h i c k  5A1-2.5Sn(ELI) t i t an ium a l l o y  p l a t e  t e s t e d  
i n  t h i s  program seemed t o  f a l l  i n t o  t h i s  th ickness  range. 
Sur face  Flawed Specimen Thickness E f f e c t s  
Resu l t s  of t e s t s  t o  i n v e s t i g a t e  t he  e f f e c t  of SF specimen th ickness  on SCC 
s u s c e p t i b i l i t y  a r e  included i n  Figure 2-23 and Table 2-9. The impetus f o r  
t h e s e  t e s t s  was provided by the  observat ion t h a t  apparent  th reshold  s t r e s s  
i n t e n s i t y  va lues  i nc rease  wi th  decreasing through-the-thickness cracked 
specimen th ickness  a s  i l l u s t r a t e d  i n  F igure  2-22. I n  SF specimens, changes 
i n  c o n s t r a i n t  t o  crack t i p  deformations undoubtedly occur when specimen th ick-  
ness  is decreased t o  t h e  e x t e n t  t h a t  t h e  l igament between crack  t i p  and back 
specimen f a c e  becomes e n t i r e l y  enveloped by p l a s t i c  deformations . It had . 
been thought t h a t  decreased specimen th ickness  might decrease  SCC s u s c e p t i b i l i t y  




Other Crack Growth Observations 
Observations of c rack  depth growth i n  most t i t an ium a l l o y  SF specimens l e d  
4 
t o  the undertaking of t e s t s  t o  eva lua t e  c rack  depth growth c h a r a c t e r i s  t i c s  a 
. during both r i s i n g  loads and e a r l y  s t ages  of sus t a ined  loadings .  Four s e r i e s  
of t e s t s  were conducted wi th  each s e r i e s  c o n s i s t i n g  of t h r e e  i d e n t i c a l  SF 
6; 
specimens loaded t o  a predetermined peak load  l e v e l ;  one specimen was 
1 
unmediately unloaded and the o the r  two specimens were unloaded a f t e r  e i t h e r  I li 
one o r  twenty hour exposures t o  the  peak load .  Specimens were then subjec ted  
t o  low s t r e s s  f a t i g u e  cycles  t o  d e l i n e a t e  any crack growth t h a t  occurred dur ing  t i' 
t h e  p r i o r  t e s t i n g .  Both base metal  and weld metal  were t e s t e d  i n  room a i r  and i; I1  Q 
argon gas .  Resul t s  a r e  summarized i n  t h e  lower h a l f  o f  Table 2-10 and crack  
depth growth i s  p l o t t e d  aga ins t  t e s t  du ra t ion  i n  Figure 2-24. fi 
i 
Only i n s i g n i f i c a n t  amounts of crack depth growth were observed i n  t h e  weld 
metal  specimens and r e s u l t s  wzre not  in f luenced  by t e s t  medium. Larger amounts 
of crack depth growth were observed i n  base  metal  t e s t s  and r e s u l t s  were i n f l u -  
enced by t e s t  medium. I n  argon, crack depth growth va lues  of 0.014 - + 0.002 inch . 
(0.36 - + 0.05mm) were noted regard less  of test du ra t ion  and i t  was concluded t h a t  
crack growth occurred only during r i s i n g  load  i n  argon. I n  a i r ,  crack depth 
r growth f o r  t h e  one and twenty hour du ra t ion  t e s t s  averaged 0.025 inch  (0.63mm) 
a s  compared t o  the  va lue  of 0.006 inch  (0.15mm) f o r  t h e  load-unload t e s t .  Hence, 
i t  appeared t h a t  crack depth g r w t h  i n . a i r  occurred du r ing  both r i s i n g  load and 
the  e a r l y  p a r t  of t he  subsequent i n v a r i a n t  load .  
The only f i rm conclusion t h a t  can be drawn from the  t i t a n i u m  a l l o y  r e s u l t s  i n  
Figure 2-24 i s  t h a t  c rack  growth can occur during the  loading ramp of a sus ta ined  
load test and must be  accounted f o r  i n  i n t e r p r e t i n g  sus t a ined  load t e s t  r e s u l t s .  
It is not  c l e a r  why t h e  a i r  and argon r e s u l t s  d i f f e r e d .  Ind ica t ions  of t r a n s i e n t  
crack growth followed by crack growth a r r e s t  were ev ident  i n  the  a i r  r e s u l t s  bu t  
not  i n  t h e  argon da ta .  Previous observa t ions  ( 3 ,  21) of t r a n s i e n t  crack growth 
have been made i n  chemically i n e r t  environments and a r e  thought t o  be due t o  
mechanical f a c t o r s .  On the  o the r  hand, d a t a  s c a t t e r  could have r e s u l t e d  i n  f a l s e  
i nd ica t ions  of t r a n s i e n t  crack growth and t h e  discrepancy between crack depth 
growth va lues  i n  a i r  and argon may not  have been 
f a c t o r s .  
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Crack growth w a s  observed i n  a number of  t i t an ium weld meta l  DCB specimens t e s t e d  
i n  gaseous hydrogen and helium a t  ambient temperatures.  Resul t s  are included i n  
z Table A10 i n  Appendix A. The amount of c rack  growth ranged from 0.05 t o  0.25 
inch (1.3 t o  6.4mm). Since s i m i l a r  r e s u l t s  were obta ined  i n  both helium and 
hydrogen, i t  w a s  pos tu l a t ed  t h a t  t h e  crack growth was not  a s s i s t e d  by t h e  t e s t  
media. Rather,  i t  is thought t h a t  t h e  c rack  growth was accentuated by t h e  
temperature drop between loading and t e s t  environments. Specimens were loaded 
i n  an enclosed bu i ld ing  a t  about 70F (295K) and were then t e s t e d  a t  outdoor  
temperatures ranging from 40 t o  60F (278 t o  289K). The temperature drop 
could have r e s u l t e d  i n  a decrease i n  f r a c t u r e  toughness accompanied by c rack  
propagation. 
2.3.2 Discussion of Aluminum Alloy Resul t s  
Ind ica t ions  of SCC i n  2219 aluminum were observed i n  t h r e e  of t h e  environments 
t e s t e d  i n  t h i s  program. Both 2219-T87 p l a t e  (WR d i r e c t i o n )  and 2219 a s  welded 
I 
weld meta l  underwent what appeared t o  be  SCC i n  s a l t  water a t  72F (295K). 
Traces of apparent  SCC were noted i n  t h e  p l a t e  m a t e r i a l  i n  t r i c h l o r e t h y l e n e  
w and dye pene t r an t  (ZL-4B). No evidence of SCC was observed i n  t he  ambient 
temperature environments of room a i r ,  argon gas,  d i s t i l l e d  water ,  hydrogen gas,  
f l o u r i n e  gas,  gaseous oxygen d i f l o u r i d e ,  and a gaseous flourine-oxygen mixture.  
There was an absence of SCC i n  t h e  -320F (78K) environments of l i q u i d  oxygen, 
gaseous hydrogen, l i q u i d  f l o u r i n e ,  l i q u i d  oxygen d i f l o u r i d e ,  and l i q u i d  
flourine-oxygen mixture,  and i n  t he  -423F (20K) environments of gaseous and 
l i q u i d  hydrogen. 
Ind ica t ions  of SCC 
Ind ica t ions  of SCC i n  the  2219-T87 p l a t e  t e s t e d  i n  s a l t  water a r e  p i c tu red  i n  
Figure 2-25. Specimen 55 was loaded i n  a i r  using t h e  same loading procedures 
t h a t  were used f o r  specimens S-2 and S-4; t h i s  specimen was then  immediately 
unloaded; crack growth due t o  the  loading process  can be seen on t h e  f r a c t u r e  
face. Specimens S-2 and S-4 were loaded i n  a i r  then  immersed i n  s a l t  water  f o r  
50 and 262 hours ,  respec t ive ly .  Crack growth on t h e  f r a c t u r e  f a c e  of specimen 
S-2 resembles t h a t  on t h e  f a c e  of specimen 55, bo th  i n  magnitude and shape. It 
i was concluded t h a t  t h e  c rack  growth noted i n  specimen S-2 w a s  due t o  t h e  loading 
1 
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process  and t h a t  no SCC hsd occurred. Crack growth on t h e  f r a c t u r e  f a c e  of 
specimen S-4 was composed of four  d i s t i n c t  a r e a s  inc luding;  t h e  i n i t i a l  f a t i g u e  
c rack ,  crack growth due t o  loading,  a  band of c rack  growth t h a t  appears t o  be $ 
SCC, and f a t i g u e  crack growth induced t o  mark the  c rack  periphery a t  test 
terminat ion.  The maximum width of t h e  apparent  SCC band was 0.12 inch (0.30 em) 
a t  t h e  center  of t h e  specimen and t h e  average apparent  SCC v e l o c i t y  (band width/ 
t e s t  dura t ion)  was 4.6 x i n / h r  (3.2 x lom7 cm/sec). Specimen 5-4 was 
examined meta l lographica l ly  and i t  was observed t h a t  t h e  c rack  growth i n  t h e  
apparent  SCC band was in t e rg ranu la r .  In t e rg ranu la r  growth i s  c h a r a c t e r i s t i c  
of SCC i n  aluminum a l l o y s .  There was no evidence of g r a i n  boundary cor ros ion  
i n  t h e  gra ins  l y i n g  ad jacent  t o  t he  crack su r f ace .  I n  o r d e r  t o  determine i f  
t he  apparent SCC growth i n  specimen S-4 might have been due t o  i n t e r g r a n u l a r  
cor ros ion  t h a t  was r e l a t i v e l y  indepsndent of s t r e s s  i n t e n s i t y ,  two a d d i t i o n a l  
base metal DCB specimens were t e s t e d  i n  s a l t  water .  T e s t  procedures were 
i d e n t i c a l  to  those f o r  specimen S-4 except t h a t  one specimen was subjec ted  
t o  a n  opening mode d e f l e c t i o n  equal  t o  f i f t y  percent  of t h a t  used t o  load 
S-4, and t h e  second specimen was t e s t e d  i n  an uns t ressed  condi t ion .  Both 
specimens were exposed t o  s a l t  water f o r  260 hours .  A f t e r  being pul led  t o  
f a i l u r e ,  the  f r a c t u r e  sur faces  yielded no evidence of apparent  SCC. It w a s  .P 
concluded t h a t  t he  apparent SCC growth observed i n  Specimen 5-4 was dependent 
on s t r e s s  intens5,ty f a c t o r .  
The f r a c t u r e  f a c e s  of two weld metal DCB specimens t e s t e d  i n  s a l t  water  a r e  
p i c tu red  i n  Figure 2-26. Small bands of apparent  SCC a r e  shown along t h e  
f r o n t s  of t h e  i n i t i a l  f a t i g u e  c racks .  The width of t h e  apparent  SCC band f o r  
specimen WS-3 was 0.03 inch (0.76 mm) and t h e  average apparent  SCC v e l o c i t y  
was 7.3 x i n / h r  (5.2 x cm/sec). The corresponding stress i n t e n s i t y  
3/2) f a c t o r  was 31 k s i 6  (34 MN/m . Figure 2-26 a l s o  i l l u s t r a t e s  t h e  non- 
uniform pre-cracks t h a t  were t y p i c a l  of the  weld meta l  DCB specimens. 
Crack growth was observed on t h e  f r a c t u r e  f aces  of  a l l  2219 weld metal  SF 
specimens. The abso lu t e  amounts of crack growth a r e  summarized i n  Tables 
2-10 and 2-11, and a r e  p l o t t e d  a s  a  func t ion  of t e s t  temperature Figure 2-27. 
* 
The f r a c t u r e  f aces  of twa 2219 weld metal  SF specimens a r e  shown I n  F igure  
2-28. Specimen WDP-1A was subjec ted  t o  t h e  loading ramp of t h e  sus ta ined  
load p r o f i l e  used t o  conduct t h e  ambient temperature sus t a ined  load t e s t s ,  and r 
was then  unloaded; t he  specimen w a s  subjec ted  t o  low stress f a t i g u e  cyc le s  t o  
o u t l i n e  t h e  c rack  growth t h a t  occurred during t h e  p r i o r  loading.  The f e a t u r e s  
of t h e  f r a c t u r e  s u r f a c e  do not  show up w e l l  i n  F igure  2-26, but t h e  growth t h a t  
occurred during the  r i s i n g  load  of the  loading ramp was c l e a r l y  ou t l i ned  on t h e  
f r a c t u r e  sur face .  Specimen WS-1 was subjec ted  t o  a n  i n v a r i a n t  loading  i n  sal t  
water f o r  a per iod of 24 hours.  The amount of c rack  growth t h a t  occurred 
dur ing  the  test is  v i s i b l e  a s  a dark a r e a  on t h e  f r a c t u r e  sur face .  A t  72F 
(295K) a l l  specimens o the r  than WS-1 y ie lded  crack depth growth va lues  ranging 
from 0.03 t o  0.045 inch  (7.6 t o  11.4 rnm). Specimen WS-1 underwent a crack 
depth  growth of 0.075 inch  (19.1 mn). This  r e s u l t  i s  c e r t a i n l y  an  i n d i c a t i o n  
t h a t  SCC may have occurred i n  Specioen WS-1. However, t h e  au thors  f e e l  t h a t  
one test is  a n  i n s u f f i c i e n t  b a s i s  on which t o  judge the  SCC s u s c e p t i b i l i t y  of 
2219 weld metal.  Assuiaing t h a t  SCC r e s u l t e d  i n  c rack  depth growth somewhere 
between 0.03 and 0.045 inch (7.6 and 11.4 mn) i n  specimen WS-1, t h e  corre-  
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sponding average SCC v e l o c i t i e s  are 1.3 x 10 and 1.9 x lom3 i n / h r  (J.9 and 
1 . 3  x loe6 cm/sec) . 
The f r a c t u r e  faces  of two 2219-T87 aluminum base metal  specimens p i c tu red  i n  
F igure  2-28 a l s o  contained i n d i c a t i o n s  of SCC. Specimen AD-1 w a s  t e s t e d  i n  
dye penet ran t  and specimen AT-1 i n  t r i ch lo roe thy lene .  Both specimens contained 
zones of appzzent SCC i n  the  WR d i rec t ion  a s  ou t l i ned  by the  arrows i n  t h e  
f i g u r e .  The ex ten t  of  each zone w a s  g r e a t e r  than comparable c rack  growth 
observed i n  any o the r  2219-T87 base meta l  SF specimen t e s t e d  a t  72F (295K). 
It is  be l ieved  t h a t  t h e  evidence of SCC noted i n  t h e  2219 aluminum t e s t s  
repor ted  h e r e i n  is  i n s u f f i c i e n t  t o  e s t a b l i s h  the s u s c e p t i b l i t y  of t h e  a l l o y  
t o  SCC. Only very  small amounts of crack growth were observed and w e l l  def ined  
procedures f o r  i d e n t i f y i n g  t h e  n a t u r e  of such small amounts of growth were 
lacking.  More t e s t s  of longer  du ra t ion  a r e  requi red  t o  e i t h e r  s u b s t a n t i a t e  o r  
r e f u t e  t h e  evidence of SCC i n  2219 aluminum observed i n  t h e s e  tests. 
Other Crack Growth Observations 
Crack growth was observed i n  a l l  aluminum a l l o y  SF specimens t e s t e d  i n  t h i s  
program. Typical  examples of s u r f a c e  crack growth are included i n  Figures  
2-28 and 2-29. 
To e v a l u a t e  t h e  c h a r a c t e r i s t i c s  of s u r f a c e  c r ack  growth both du r ing  and $ 
' f 
immediately a f t e r  t h e  a p p l i c a t i o n  of sus t a ined  loadings ,  t h r e e  series of tests 3 
were undertaken. Each test series included t h r e e  r e s t s  of i d e n t i c a l  SF 
specimens t h a t  were loaded t o  a predetermined peak load  l e v e l  and then  were 2" r 
unloaded a f t e r  e i t h e r  a zero,  one, o r  twenty hour exposure t o  t h e  peak load ;  P 
t 
2219-T87 base  meta l  specimens were t e s t e d  i n  bo th  room a i r  and welding grade 
argon gas and 2219 weld metal  specimens were t e s t e d  i n  room a i r .  A t  t h e  .# 
1 i 
conclusion ok each tes t ,  specimens were sub jec t ed  t o  f a t i g u e  loadings a t  72F i: 
1; r 
(295K) t o  d e l i n e a t e  any c rack  growth t h a t  occurred dur ing  t h e  test run. n 
Resul t s  a r e  summarized i n  Table  2-10 and c rack  depth growth i s  p l o t t e d  a g a i n s t  1 
t e s t  du ra t i on  i n  F igu re  2-24. h g 
The test r e s u l t s  i n d i c a t e  t h a t  c rack  growth occur red  only dur ing  r i s i n g  loads  
and no t  during i n v a r i a n t  loadings i n  both t h e  2219-T87 base  meta l  (WT d i r e c t i o n )  
and 2219 as-welded weld metal.  This  conclusion was based on t h e  observa t ion  
t h a t  t h e  amount of c rack  growth was independent of test d u r a t i o n  (within l i m i t s  
of normal d a t a  s c a t t e r )  i n  both t e s t  environments. 
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Crack depth  growth observed i n  2219 weld me ta l  SF specimens i s  summarized i n  
Table 2-12 and p l o t t e d  i n  Figure 2-27. The f r a c t u r e  f aces  i n  F igure  2-28 t 
i l l u s t r a t e  t h e  c h a r a c t e r i s t i c s  of t h e  observed c rack  growth. The s c a t t e r  bands 
i n  Figure 2-27 inc lude  a l l  c rack  depth growth measurements f o r  su s t a ined  load  
2 t e s t s  conducted a t  e i t h e r  22 o r  25 k s i  (151.7 o r  172.4 MN/m ) uniform app l i ed  
stress l e v e l s .  The i n d i v i d u a l  c i r c u l a r  d a t a  po in t s  r e p r e s e n t  c rack  depth 
growth measurements f o r  specimens t h a t  were loaded a t  t h e  same r a t e  as  were 
t h e  sus t a ined  load  specimens, then immediately unloaded. For t h e  22 k s i  
2 (151.7 MN/m ) sus t a ined  load tests, c o n s i s t e n t  c rack  depth growth measurements 
were obtained i n  a l l  environments except s a l t  water .  Because of t h i s  r e s u l t ,  
i t  was concluded t h a t  environments o t h e r  than  s a l t  wa te r  d i d  n o t  promote SCC 
2 i n  t h e  2219 aluminum weld metal. The d a t a  p o i n t s  f o r  t h e  22 k s i  (151.7 MN/m ) 
load-unload tests f a l l  o u t s i d e  of t he  s c a t t e r  band f o r  t h e  corresponding sus- 
t a ined  load  tests. This  may have been due t o  d a t a  s c a t t e r .  A t  -423F (20K), 
however, t r a n s i e n t  c r ack  growth may have occur red  a f t e r  t h e  load ing  process .  
T rans i en t  c r ack  growth followed by crack growth a r r e s t  has  been observed (3)  
dur ing  the e a r l y  s t a g e s  of su s t a ined  load  tests of 2219-T87 base meta l  
specimens. The low y i e l d  s t r e n g t h  and high f r a c t u r e  toughness of 2219 as-  
welded weld meta l  should make i t  more prone t o  t r a n s i e n t  c rack  growth than  . 
base metal .  A t  cryogenic  temperatures,  t h e  sus t a ined  load  tests y ie lded  
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s i g n i f i c a n t l y  more crack depth growth than d id  t h e  corresponding load-unload 
t e s t s .  It is bel ieved t h a t  the  a d d i t i o n a l  c rack  growth observed i n  t h e  
sus t a ined  load  tests was due t o  mechanical processes  i n  t h e  p l a s t i c a l l y  
deformed m a t e r i a l  a t  t he  c rack  t i p  and n o t  SCC. It is d i f f i c u l t  t o  b e l i e v e  
t h a t  SCC would have occurred during t h e  r e l a t i v e l y  s h o r t  test dura t ions  i n  
a l l  cryogenic environments t e s t ed .  
Crack growth during r i s i n g  loads i n  2219 as-welded GR-4 weld c e n t e r l i n e s  w a s  
found t o  be h ighly  s t r e s s  l e v e l  dependent a s  i l l u s t r a t e d  i n  Figure 2-30 by 
d a t a  obtained from specimens loaded t o  var ious  s t r e s s  Levels i n  ambient a i r .  
2 For stress l e v e l s  above about 17 k s i  (117 MlJ/m ) ,  crack growth was very sens i -  
t i v e  t o  peak s t r e s s  l e v e l .  The a c t u a l  y i e l d  s t r e n g t h  of t h e  weld me ta l  was 
2 
not  m ~ s s u r e d ,  b u t  it  i s  bel ieved t o  be  about 16  k s i  (110 MN/m ) o r  l e s s .  
Hence, a l l  2219 weld meta l  t e s t s  i n  t h i s  program were conducted using s t r e s s  
l e v e l s  i n  excess  of t h e  t r u e  un iax ia l  weld metal  y i e l d  s t r e s s .  The d a t a  i n  
Figure 2-30 show t h a t  r i s i n g  loads t o  s t r e s s  l e v e l s  i n  excess  of t h e  a c t u a l  
y i e l d  s t r e n g t h  can r e s u l t  i n  l a r g e  amounts of c r ack  extension.  
Fa i lu ra  c h a r a c t e r i s t i c s  of cracked 2219 we1.d meta l  can be  i n f e r r e d  from t h e  
da t a  i n  Figure 2-30. It is evi.d&nt t h a t  when f a i l u r e  s t r e s s e s  a r e  w e l l  i n  
excess of t he  y i e l d  s t r e s s ,  c rack  s i z e  does n o t  undergo an abrupt  i n s t a b i l i t y  1 
a t  t he  f a i l u r e  load. Rather,  crack dimensions s t a r t  t o  i nc rease  once t h e  1 I 
y i e l d  stress is exceeded and cont inue t o  grow a t  a n  inc reas i cg  rate u n t i l  
f a i l u r e   occur,^. It i s  n o t  c l e a r  whether f a i l u r e  Fs due t o  i n i t i a t i o n  of 
uns tab le  crack propagat ion o r  t o  an  exceedance of u l t ima te  stress on t h e  n e t  I 
sec t ion .  
Comparison With Previously Reported Resul t s  
Other i n v e s t i g a t i o n s  have shown t h a t  2219-T87 aluminum a l l o y  p l a t e  is very 
r e s i s t a n t  t o  SCC. The s h o r t  t r ansve r se  d i r e c t i o n  of one iuch  ttaick p l a t e  has  
been t e s t e d  (16) both i n  an outdoor atmosphere and i n  a 3.5% NaCl s o l u i i o n  wi th  
r e s u l t s  shown i n  Figures  2-31 and 2-32. No SCC was de tec ted  i n  e i t h e r  set of 
t e s t s  wi th  a  de t ec t ion  s e n s i t i v i t y  noted i n  t h e  two f igu res .  Figures  2-31 and 
2-32 a l s o  inc lude  SCC vehcc i ty  c o r r e l a t i o n s  f o r  a  number of 7000 and 2000 series 
. 
aluminum a l l o y s .  When compared t o  t h e  schematic SCC v e l o c i t y - s t r e s s  i n t e n s i t y  
f a c t o r  c o r r e l a t i o n  previously included i n  F igure  2-21, i t  can be seer1 t h a t  
aluminum a l l o y s  do no t  e x h i b i t  Region I11 behavior.  The p la teau  (Region 11) 
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v e l o c i t i e s  f o r  t h e  2000 series a l l o y s  a r e  a l l  very c l o s e  t o  10 i n / h r  (7 x 
2 9 
cm/sec), which agrees  wi th  t h e  apparent  SCC v e l o c i t y  observed f o r  the  WR 
d i r e c t i o n  of t h e  1.0 inch (2.5 cm) t h i c k  p l a t e  t e s t e d  i n  t h i s  inves t igaLicn .  
An e lec t rochemica l  t e s t  has  been developed f o r  p r e d i c t i n g  t h e  s t r e s s  co r ros ion  
performance of 2213 aluminum i n  t h e  TS51 a d  T87 tempers (17). The t e s t  r e q u i r e s  
the  measurement of t h e  s o l u t i o n  p o t e n t i a i  of an uns t ressed  specimen i n  a mixture 
of abso lu t e  methyl a lcohol  and carbon t e t r a c h l o r i d e .  Changes i n  po ten tda l  f o r  
2219 a l l o y  p l a t e  a s  i t  is  a r t i f i c i a l l y  aged from -the T37 t o  T87 temper are showr, 
i n  F igure  2-33 a long  with smooth specimen s t r e s s  cor ros ion  da t a .  These d a t a  a l s o  
show 2219-T87 aluminum a l l o y  p l a t e  t o  be very  s t r e s s  co r ros ion  r e s i s t a n t .  
Previously conducted SF specimen t e s t s  (3) f o r  1 .0 inch (2.5 cm) t h i c k  2219-T87 
p l a t e  i n  t he  environmeiits of a i r ,  LN and LH2 have shown t h a t  c rack  growth under 
2 .  
sus ta ined  loads can avcur i n  four  s t ages  including:  (1) crack growth dur ing  
rT';ing load;  ( 2 )  i n i t i a l  t r a n s i e n t  c rack  growth; (3) crack a c c e l e r a t i o n ;  and 
( 4 )  uns tab le  c rack  propagation or  f a i l u r e .  The number of c r ack  growth s t a g e s  
oce,,ring i n  any t e s t  is  p r imar i ly  dependent on t h e  magnitude of the  s t r e s s  
i n t e n s i t y  f a c t o r  (K) app l i ed  t o  t h e  crack. t i p .  For low K va lues ,  no growth is  
observed; f o r  i n t e rmed ia t e  K va lues ,  growth dur ing  loading and t r a n s i e n t  crack 
growth a r e  observed followed by crack growth a r r e s t ;  f o r  high K va lues ,  a l l  
s t a g e s  of c r ack  growth a r e  observed r e s u l t i n g  i n  specimen f a i l u r e .  I n  t h i s  t e s t  * 
p r o g r ~ m ,  crack growth during r i s i n g  loads was observed i n  a l l  2219-T87 base  metal 
SF specimens. However, t h e r e  were no i n d i c a t i o n s  of t r a n s i e n t  c rack  growth f o r  
the WT d i r e c t i o n  a t  K l e v e l s  equal  t o  n ine ty  percent  of the  f r a c t u r e  toughness.  
Previous t e s t s  (3) i nd ica t ed  t h a t  t he  K l e v e l s  above which a l l  four  s t ages  of 
c rack  grawth could be expected t o  occur i n  t h e  WR d i r e c t i o n  of 2219-T87 aluminum 
a l l o y  SF specimens were 90, 81, and 87 percent  of the corresponding f r a c t u r e  
toughness i n  ambient a i r ,  bN and LH2, r e spec t ive ly .  I n  t h i s  program, com- 2 
pa rab le  r a t i o s  were found t o  be  g r e a t e r  than  30 and 93 percent  i n  ambient a i r  
and LH2, r e spec t ive ly .  
2.4 Observations and Conclusions 
This  experimental program was undertaken t o  eva lua t e  t h e  combined e f f e c t s  of 
load and environment on t h e  stress corrosion. c racking  (SCC) s u s c e p t i b i l i t y  of . 
2219-Tt37 aluminum and 5A1-2.5 Sn (ELL) t i t an ium a l l o y  p l a t e  and welds. The 
fol lowing observa..',ans were made during , , ... .- thw*ccurse of t h e  program. 
Observations For 581-2.5 Sn (ELI) Titanium Alloy 
Y 1. The Ti-5A1-2.5 Sn (ELI) p l a t e  and welds were s u s c e p t i b l e  t o  SCC i n  t h e  
environments of methanol, methanol p l u s  2 percent  (by volume) d i s t i l l e d  
water, dye penet ran t  (ZL-2A), 3 162 percent  sodium c h l o r i d e  s o l u t i o n ,  
e t h w o l  pltia two percent  (by volume) d i s t i l l e d  water ,  and d i s t i l l e d  water .  
The base  metal  was s u s c e p t i b l e  t o  c rack  propagat ion i n  hydrogen gas a t  
ambient temperature.  The weld meta l  was prone t o  SCC i n  methyl e t h y l  
ketone and e thanol .  No SCC was observed i n  e i t h e r  base  o r  weld metal  
i n  t h e  72F (295K) environments of argon, a i r ,  ace tone  and helium, o r  i n  
t h e  cryogenic environments of l i q u i d  n i t rogen  and l i q u i d  hydrogen. 
2. S u s c e p t i b i l i t y  t o  SCC of 561-2.5 Sn (ELI) t i t an ium a l l o y  p l a t e  was dependent 
on crack propagation d i r e c t i o n  wi th  t h e  WR d i r e c t i o n  more s u s c e p t i b l e  than  
RW d i r e c t i o n .  
3. There was not a g r e a t  d e a l  of d i f f e r e n c e  between t h e  SCC s u s c e p t i b i l i t y  of 
base and weld metal .  I n  genera l ,  SCC v e l o c i t i e s  i n  weld meta l  tended t o  be  
l e s s  than  i n  base meta l  specimens and t h e r e  were two environments (e thanol  
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and methyl e t h y l  ketone) i n  which SCC was observed i n  t h e  weld metal  bu t  
no t  i n  t h e  base metal .  
4. Specimens t h a t  were loaded i n  a i r  p r i o r  t o  be ing  subjec ted  t o  t h e  t e s t  
environment were much less s u s c e p t i b l e  t o  SCC than  were specimens t h a t  
were loaded i n  t h e  t e s t  environment. 
5. There d id  seem t o  be a tendency f o r  SCC t o  be  more pronounced i n  surface-  
flawed than i n  double c a n t i l e v e r  beam specimens. The test d a t a  d id  not  
permit a good eva lua t ion  of t h e  e f f e c t  of specimen type  on SCC s u s c e p t i b i l i t y .  
6 .  Tes t s  of Ti-5A1-2.5 Sn (ELI) base  meta l  surface-flawed specimens i n  methanol 
where specimen th i ckness  was v a r i e d  from 0.35 t o  0.05 inch (0.89 t o  
0.13 cm) revealed no t r e n d  of decreas ing  SCC s u s c e p t i b i l i t y  wi th  decreasing 
1. specimen thickness .  
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Observations For 2219-T87 Aluminum Alloy 
I. Ind ica t ions  of SCC was observed i n  t h r e e  of t h e  environments t e s t e d  i n  t h i s  
program. Both 2219-T87 p l a t e  (WR d i r e c t i o n )  and 2219 as-welded weld metal  
underwent what appeared t o  be SCC i n  s a l t  water a t  72F (295K). Traces of 
apparent  SCC were noted i n  t h e  p l a t e  m a t e r i a l  i n  t r i ch lo roe thy lene  and dye 
penet ran t  ( type  ZL-4B). Test  dura t ions  were n o t  s u f f i c i e n t l y  long t o  
al low s t rong  i n d i c a t i o n s  of e i t h e r  t he  presence o r  absence of SCC t o  develop. 
No evidence of  SCC was de tec ted  i n  any of t he  o t h e r  test environments includ- 
ing ,  argon, a i r ,  d i s t i l l e d  water ,  hydrogen, oxygen, f l u o r i n e ,  f l uo r ine -  
oxygen mixture,  and oxyge?l d i f l u o r i d e .  
2.  Stab le  crack growth was observed during r i s i n g  loads i n  both base metal  and 
weld meta l  su r f ace  flawed specimens. 
The fol lowing conclusions were drawn on t h e  b a s i s  of r e s u l t s  obtained both from 
t h i s  program and from the  l i t e r a t u r e :  
1. Titanium a l l o y  5A1-2.5 Sn (ELI) p l a t e  and welds can be  very suscep t ib l e  t o  
SCC i n  a number of environments. Accordingly, f a b r i c a t i o n  and opera t ing  t; 
environments should be c l o s e l y  con t ro l l ed  f o r  succes s fu l  use of t h i s  a l l o y .  
Aluminum a l l o y  2219-T87 p l a t e  and as-welded welds a r e  very r e s i s t a n t  t o  SCC. 
For t h i n  m a t e r i a l s ,  su r f ace  flawed specimen tests may i n d i c a t e  t h a t  a 
ma te r i a l  i s  more s u s c e p t i b l e  t o  SCC than  would t e s t s  of through t h e  th ickness  
cracked specimen types.  Hence, r e s u l t s  of SCC t e s t s  from through-cracked 
specimens should be checked using s u r f a c e  flawed specimens p r i o r  t o  use of a 
s p e c i f i c  mater ial lenvironment  combination i n  engineering s t r u c t u r e s .  
4.  SCC tests should be conducted f o r  a per iod  of  time s u f f i c i e n t  t o  estz1;lish 
t h a t  crack growth r a t e s  have decreased t o  neg l ig ib ly  small. va lues ,  o r  longer  
than t h e  intended l i f e  of t he  s t r u c t u r e  f o r  which t h e  material/environment 
combination i s  under cons idera t ion ,  whichever i s  t h e  s h o r t e r ;  SCC v e l o c i t i e s  
ranging from 5 x l o 4  t o  i n / h r  (35 t o  7 x cmlsec) have been observed 
- 
i n  aluminum a l l o y s .  Aqueous environments u sua l ly  promote SCC v e l o c i t i e s  
ranging from about t o  low5 i n / h r  (7 x t o  7 x cm/sec). ., 
, 3.0 COMPATIBILITY STUDY OF MATERIALIENVI  RONMENT COMBINATIONS 
I 
i 
PERTINENT TO H IGH ENERGY UPPER STAGE PROPULSION SYSTEMS 
I ; ' 
I Tests  were undertaken t o  s tudy t h e  compa t ib i l i t y  of material/environment 
combinations s u i t a b l e  f o r  f u e l  and ox id i ze r  tanks  i n  high energy upper s t a g e  
propulsion systems. Material/environment combinations t e s t e d  included: 
2219-T87 aluminum a l l o y  i n  f l u o r i n e ,  fluorine-oxygen mixture,  and methane; 
2219-T6E46 aluminum a l l o y  i n  f l u o r i n e  and f luorine/oxygen mixture; and t i t an ium 
a l loys  5A1-2.5 Sn (ELI), 6A1-4V (ELI) and 6A1-4V (ELI)  STA i n  methane. Tes t s  
were conducted i n  both gas and l i q u i d  phases a t  temperatures  s l i g h t l y  above and 
s l i g h t l y  below t h e  20 p s i g  b o i l i n g  temperature of t h e  t e s t  media. 
The t e s t  program i s  summarized i n  Table 3-1. A l l  tests were conducted using 
su r f ace  flawed specimens having th icknesses  r e p r e s e n t a t i v e  of minimum gage tanks ,  
namely, 0.04 inch (1.02 mm) f o r  t h e  aluminum a l l o y s  and 0.032 inch (0.81 mm) f o r  
the  t i t an ium a l l o y s ,  The l o n g i t u d i n a l  a x i s  of t h e  specimens coincided with t h e  
t r ansve r se  d i r e c t i o n  s f  t h e  pa ren t  p l a t e .  One f law depth-to-length r a t i o  of 
0.10 was used and specimens were f a b r i c a t e d  wi th  t h e  maximum flaw depth t h a t  
could su rv ive  a proof overload a t  -320F (78K) t o  100 percent  and 90 percent  of 
the  guaranteed minimum y i e l d  s t r e s s  f o r  t h e  aluminum and t i tan ium a l l o y s ,  
r e spec t ive ly .  That flaw depth was experimental ly  eva lua ted  p r i o r  t o  t h e  sus- 
ta ined  load t e s t s .  The t e s t  sequence included a -320F (78K) proof overload 
followed by sus ta ined  load t e s t s  ranging i n  du ra t ion  from 10 t o  500 hours.  Two 
t e s t s  were conducted a t  dif$exint stress l e v e l s  f o r  each combination of v a r i a b l e s .  
Aluminum a l l o y s  were t e s t e d  a t  a 11.1 and a 11.2 where a is  t h e  guaranteed minimum 
Y Y 3 
-2258 (131K) y l e l d  stress of t h e  a l l o y  (56 k s i  (386 MN/m ) f o r  t h e  T87 condi t ion  
2 
and 43 k s i  (296 MN/m ) f o r  t h e  T6E46 cond i t i on ) .  Titanium a l l o y s  were t e s t s d  a t  
o 11.4 and 0.85 ( ~ ~ 1 1 . 4 )  where a u  i s  t h e  guaranteed minimum -2258 (131K) u l t i a a t e  
U 2 2 t e n s i l e  s t r e s s  of t h e  a l l o y s  (2.10 k s i  (1448 MN/m ), 173 k s i  (1193 MN/m ) and 
2 133 k s i  (917 MN/m ) f o r  t h e  6A1-4V STA, 6A1-4V annealed, and 5A1-2.5 Sn (ELI)  
a l l o y s ,  r e spec t ive ly ) .  
3.1 Ma te r i a l s  
The 2219 a l l o y  was t e s t e d  i n  b o t h - t h e  T87 and T6E46 condi t ions .  A l l  specimens 
were taken  from a s i n g l e  0.125 by 36.0 by 84.0 inches  (0.32 by 91.4 by 213.4 cm) 
p l a t e  purchased i n  t h e  T87 condi t ion  pe r  Boeing Mate r i a l  Spec i f i ca t ion  BMS 7-105C 
3 3 
(equiva len t  t o  MIL-A-8920 (ASG) s p e c i f i c a t i o n ) .  P a r t  of t h e  p l a t e  was brought t o  
t he  T6E46 condi t ion  (a  Boeing Company h e a t  t reatment)  by success ive ly  s o l u t i o n  
t r e a t i n g  a t  995 f i 1 0 F  (808 fi 6K) f o r  four  hours ,  water  quenching, n a t u r a l  aging 
f o r  f o u r  days, a r t i f i c i a l  aging a t  350 + 1 0 F  (450 + 6K) f o r  twelve hours ,  and a i r  
cool ing  t o  room temperature.  S p e c i f i c a t i o n  l i m i t s  on chemical con ten t  and 
mechanical p r o p e r t i e s  measured by The Boeing Company a r e  included i n  Tables  2-5 
and 2-6, r e spec t ive ly .  Mechanical p r o p e r t i e s  a r e  p l o t t e d  a s  a func t ion  of 
temperature i n  F igure  3-1. 
The 561-2.5 Sn (ELI)  t i t an ium a l l o y  was t e s t e d  i n  t h e  m i l l  annealed (MA) condi t ion .  
A l l  specimens were taken from a s i n g l e  0.04 by 24.0 by 72.0 inches  (0.10 by 61.0 by 
182.9 cm) p l a t e  purchased i n  t h e  MA condi t ion  per  MIL-T-9046E, Type 11, Composi- 
t i o n  B. C e r t i f i e d  chemical conten t  provided by t h e  vendor and mechanical p r o p e r t i e s  
measured by The Boeing Company a r e  included i n  Tables 2-5 and 2-6, r e spec t ive ly .  
Mechanical p r o p e r t i e s  a r e  p l o t t e d  a s  a func t ion  of temperature i n  F igure  3-1. 
The 6A1-4V (ELI) t i t an ium a l l o y  was t e s t e d  i n  both t h e  m i l l  annealed (MA) and 1 
s o l u t i o n  t r e a t e d  and aged (STA) condi t ions .  A l l  specimens were taken from a . 
s i n g l e  0.375 by 24.0 by 72.0 inches  (0.95 by 61.0 by 182.9 cm) p l a t e  purchased 
i n  t h e  MA condi t ion  per  AMS 4911A, except  t h a t  t h e  i n t e r s t i t i a l  conten t  was 
.r 
spec i f i ed  n o t  t o  exceed t h e  fol lowing l i m i t s  i n  percent  by weight: C = 0.08, ! 
Fe = 0.25, O2 = 0.13, N2 = 0.05, H2 = 0.0125. P a r t  of t h e  p l a t e  was brought t o  
t h e  STA condi t ion  by success ive ly  s o l u t i o n  t r e a t i n g  a t  1730F (1217K) f o r  t e n  
minutes,  water  quenching, and aging a t  lOOOF (811K) f o r  four  hours .  C e r t i f i e d  
chemical composition provided by t h e  vendor and mechanical p r o p e r t i e s  measured 
by The Boeing Company a r e  included i n  Tables  2-5 and 2-6, r e spec t ive ly .  Mechanical 
p r o p e r t i e s  a r e  p l o t t e d  a s  a func t ion  of temperature i n  F igure  3-1. 
3.2 Procedures 
3.2.1 Specimen Prepara t ion  
Configurat ions f o r  s u r f a c e  flawed and mechanical proper ty  specimens used i n  t h e s e  
t e s t s  a r e  d e t a i l e d  i n  Figures  C10, C 1 1  and C12 i n  Appendix C. Surface f laws were 
prepared by growing f a t i g u e  c racks  from s t a r t e r  s l o t s .  S l o t s  were produced us ing  '' 
an e l e c t r i c a l  d i scharge  machine (EDM) and 0.06 inch  (0.15 cm) t h i c k  c i r c u l a r  




angle  of 20 degrees .  Fa t igue  c r acks  were grown t o  a depth of from t h r e e  t o  f i v e  
m i l s  (0.08 t o  0.10 mm) from t h e  EDM s l o t  u s i n g  f a t i g u e  cyc l e s  having an R va lue  
of 0.06, frequency of 1800 cpm (.30 Hz), and peak s t r e s s e s  of 1 2  and 25 k s i  (82.7 
*, 2 t ' 
and 172.4 MN/m ) f o r  t h e  aluminum and t i t a n i u m  specimens, r e spec t ive ly .  
The gage a r e a  of a l l  specimens was cleaned wi th  naphtha t hen  blown dry  wi th  
compressed a i r .  Aluminum a l l o y  specimens t e s t e d  5n f l u o r i n e  and FLOX were i 
cleaned immediately p r i o r  t o  t e s t i n g  u s ing  t h e  procedure d e t a i l e d  i n  Appendix E. ! 
3.2.2 Tes t i ng  
Proof Overload Tes t  Procedures - A l l  proof overload t e s t i n g  was accomplished a t  
-320F (78K) wi th  t h e  specimen completely submerged i n  l i q u i d  n i t rogen .  Each 
specimen was instrumented t o  d e t e c t  t h e  load  a t  which t h e  s u r f a c e  crack pene t ra ted  
t he  paren t  specimen th ickness .  Ins t rumenta t ion  cons i s t ed  of s ea l ed  pressur ized  
chambers a t t ached  t o  t h e  specimen a s  shown 3.n F igure  3-2. The chamber on t h e  
2 flawed s u r f a c e  was p re s su r i zed  wi th  helium gas t o  3-10 p s i g  (34 t o  69 M N / ~  gage 
pressure)  before  load a p p l i c a t i o n .  The chamber on t h e  back specimen f a c e  was l e f t  
unpressurized.  Tes t  records  of p r e s s u r e  i n  both cups ve r sus  appl ied  load were 
obtained us ing  an X-Y recorder .  A t y p i c a l  test record  i s  inciuded i n  Figure 3-3 
where i t  can be seen t h a t  an abrupt  change i n  p re s su re  occurred i n  both cups a t  a 
w e l l  de f ined  load.  The p re s su re  changes were due t o  pene t r a t i on  of t h e  specimen 
th ickness  by t h e  flaw. 
For specimens t e s t e d  t o  determine t h e  maximum flaw depth t h a t  could su rv ive  a 
-320F (78K) proof overload without  p e n e t r a t i n g  t h e  specimen th ickness ,  t h e  
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fol lowing loading  sequence was used: (1) specimens were loaded a t  a uniform rate 
t o  t a r g e t e d  peak stress l e v g l s  of 182, 160, 128, 59 ,  and 46 k s i  (1254.9, 1103.2, 
2 882.6, 40.7 and 31.7 MN/m ) f o r  t h e  6A1-4V(ELI)STA, 6A1-4V(ELI), 5A1-2.5Sn(ELI), 
2219-T87, and 2219-T6346 a l l o y s ,  r e s p e c t i v e l y ,  The loading r a t e  was such t h a t  
t h e  peak stress l e v e l  was reached one minute a f t e r  i n i t i a t i o n  of loading;  (2) i f  
t he  f law pene t ra ted  t h e  specimen th i cknes s  p r i o r  t o  t h e  a t ta inment  of t h e  t a r g e t e d  
proof stress, t h e  load ing  was continued u n t i l  t h e  specimen f a i l e d ;  (3) i f  t h e  
flaw had n o t  pene t ra ted  t h e  specimen th i cknes s  p r i o r  t o  t h e  at ta inment  of t h e  
t a rge t ed  stress, t h e  load  was h e l d  cons t an t  a t  t h e  proof stress f o r  two minutes 
. 
In o rde r  t o  prepare  specimens f o r  subsequent sus t a ined  load  t e s t i n g ,  each specimen 
was proof loaded a t  -320F (78K) using the  procedures desc r ibed  i n  t h e  preceding 
;*R 
paragraph. I f  t h e  c rack  had n o t  pene t ra ted  t h e  specimen th ickness  a t  t h e  peak i t  
. proof stress l e v e l ,  each specimen was immediately unloaded and used f o r  sus t a ined  i . 
i t  
load  t e s t i n g .  
Sustained Load T e s t  Procedures - Four specimens were simultaneously t e s t e d  i n  a 
s i n g l e  t e n s i l e  test  machine by loading t h e  specimens i n  series a s  shown i n  F igure  
3-4. The test  media were contained i n  sma l l  p r e s su re  cups clamped t o  t h e  f a c e s  
of t h e  specimen. The cups were s i m i l a r  t o  t hose  shown i n  F igure  3-1 except  t h a t  
cups and clamping p l a t e s  were i n t e g r a l .  Vi rg in  t e f l o n  s e a l s  were used i n  a l l  
tests. The specimen t r a i n  and pressure  cups were surrounded by a c r y o s t a t  a s  
shown i n  t h e  l e f t  hand machine i n  Figure 3-4. The c r y o s t a t  was f i l l e d  with 
e i t h e r  l i q u i d  n i t rogen  o r  a mixture  of gaseous and l i q u i d  n i t rogen  t o  coo l  t h e  
specimens t o  t h e  test temperatures.  A thermocouple was used t o  monitor t h e  
temperature  and c o n t r o l  a va lve  which mixed the  l i q u i d  and gaseous n i t r o g e n  i n  
t h e  needed propor t ions .  For tests a t  temperatures  o t h e r  than a t  -320F (78K), c o o l  - 
dawn time averaged about 2.5 hours  a f t e r  which t h e  d e s i r e d  test temperature  was 
c o n t r o l l e d  w i th in  2 5F (& 3K). Pressur ized  b o t t l e s  were used a s  t h e  source  of 4 
bo th  t e s t  media and pressure .  Schematic drawings of t h e  tes t  systems f o r  test  
i n  methane and f l u o r i n e  o r  FLOX a r e  shown i n  Figures  3-5 and 3-6. 
The i n i t i a t i o n  sequence f o r  f l u o r i n e  tests was d i f f e r e n t  from t h a t  f o r  methane 
tests. For tests i n  environments conta in ing  f l u o r i n e ,  t h e  fol lowing sequence 
w a s  used: (1) p a s s i v a t e  system wi th  test media a t  ambient temperature;  (2) purge 
system with helium gas;  (3) br ing  system t o  test  temperature;  (4) load specimens; t 
and (5) in t roduce  t h e  test media. For tests i n  methane, s t e p s  4 and 5 were % 
r eve r sed  s o  t h a t  t h e  specimens were loaded i n  t h e  t e s t  environments r a t h e r  than  
i n  helium gas.  
At t h e  completion of t h e  sus ta ined  load tests, a l l  specimens were loaded wh i l e  
instrumented with p re s su re  cups t o  determine i f  t h e  s u r f a c e  crack had grown 
through t h e  specimen th ickness  during t h e  sus t a ined  load  test .  Procedures were 
. 
t h e  same a s  those  used i n  t he  proof overload tests. 
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Mechanical Property Tes t  Procedures - Tes t s  were conducted a t  a s t r a i n  r a t e  of 
1 -  
I O.OOS/minute u n t i l  y i e l d  s t r e n g t h  had been exceeded. The s t r a i n  r a t e  was then  
1 increased  t o  0.02/minute u n t i l  f a i l u r e .  S t r e s s - s t r a i n  curves were obtained 
i 
i r- using a 2.0 i nch  (5.08 cm) gage length  extensometer. 
I 
I 
! 3.3 Resul t s  and Discussion 
f 
Results  of t h e  proof overload and sus ta ined  load t e s t s  a r e  s epa ra t e ly  d iscussed  
I i n  the fol lowing two subsec t ions .  
3 .3.1 Proof Overload Tes t s  
De ta i l s  and r e s u l t s  f o r  t h e  proof overload t e s t s  a r e  included i n  Tables 3-2 and 
I 3-3. Specimen dimensions, i n i t i a l  flaw dimensions, t a rge t ed  proof s t r e s s  l e v e l s ,  
i 
1 and s t r e s s  l e v e l s  a t  which e i t h e r  c rack  growth pene t r a t ed  t h e  specimen th ickness  
I 
i o r  f a i l u r e  of t h e  specimen occurred a r e  s ~ a m a r i z e d .  S t r e s s  l e v e l s  a t  both break- 
1 through and f a i l u r e  condi t ions  a r e  p l o t t e d  a g a i n s t  i n i t i a l  crack dimensions i n  
;[ Figure 3-7. 
For t h e  2219-T87 aluminum a l l o y ,  two specimens (A-5 and A-7) containing cracks 
b 
having i n i t i a l  depths of 0.028 and 0.029 inch (0.071 and 0.074 cm) f a i l e d  be fo re  
2 
t he  t a r g e t e d  proof s t r e s s  of 59 k s i  (406.8 MN/m ) was reached. A t h i r d  specimen 
(A-4) conta in ing  a 0.026 inch  (0.066 cm) deep crack  withstood t h e  59 k s i  (406.8 
2 
MN/m ) proof s t r e s s  without  undergoing flaw growth through t h e  specimen thickness .  
A f o u r t h  specimen (A-8) containing a 0.024 inch (0,061 cm) deep crack  was loaded 
t o  t h e  proof stress l e v e l ;  t h e  proof stress was sus t a ined  f o r  40 seconds a t  which 
time t h e  flaw penet ra ted  the  specimen thickness;  t he  stress was then  increased  
2 
u n t i l  t h e  specimen f a i l e d  a t  63 k s i  (434.4 MN/m ) .  The foregoing r e s u l t s  l e d  t o  
t he  s e l e c t i o n  of t he  fol lowing su r f ace  flaw dimensions f o r  subsequent sus ta ined  
load tests: a = 0.022 inch  (0.56 mm) and 2c = 0.220 inch  (5.59 mm). 
The 2219-T6E46 a l l o y  was very r e s i s t a n t  t o  f law growth during t h e  proof load cyc le .  
The maximum flaw depth t e s t e d  (85 percent  of t h e  specimen thickness  o r  0.035 inch  
(0.089 cm) i n  specimen AL-6 d id  not  grow through t h e  specimen th i ckness  dur ing  
2 
the 46 k s i  (317.2 MN/m ) proof load. Since t h e  d i s t a n c e  between t h e  f law t i p  and 
back specimen f a c e  was only 0.006 inch (0.15 mm) i n  specimen AL-6, i t  was decided 
t h a t  f u r t h e r  refinement of the  maximum flaw dimension t h a t  could withstand t h e  r 
proof cyc le  was no t  p r a c t i c a l .  Accordingly, t h e  fol lowing s u r f a c e  flaw dimensions 
were chosen f o r  subsequent sus ta ined  load tests: a = 0.035 inch  (0.89 mm) and 
2c = 0.350 inch (8.89 mm) . 
Flaw growth rhrough the  specimen th ickness  was not  observed i n  any Ti-5A1-2.5Sn(ELI) 
specimens. It was apparent  t h a t  t he  maximum i n i t i a l  f law dimensions t h a t  could 
withstand the proof t e s t  were somewhat g r e a t e r  than t h e  0.022 by 0.240 inch  (0.56 
by 6.10 mm) f law dimensions i n  specimen 5T-5. Hence, t h e  fo l lowing  su r f ace  flaw 
dimensions were chosen f o r  the  sus ta ined  load t e s t s :  a = 0.025 inch  (0.64 mm) and 
2c = 0.250 inch  (6.35 mm) . 
For t h e  6A1-4V(ELI) t i t an ium a l l o y ,  t e s t  r e s u l t s  similar t o  t h o s e  f o r  t h e  o the r  
a l l o y s  l e d  t o  t h e  s e l e c t i o n  of t h e  fol lowing s u r f a c e  f law dimensions f o r  t h e  sus- 
w 
t a ined  load t e s t s :  f o r  t he  annealed condi t ion ,  a = 0.020 inch (0.51mm) and 
2c = 0.200 inch  (5.08 mm) ; and f o r  the  STA condi t ion ,  a = 0.013 (0.33 mi) and 
2c = 0.130 inch  (3.30 nun) . a 
3.3.2 Sus ta ined  Load Tes ts  
Resul t s  of t h e  longes t  du ra t ion  tests i n  each environment a r e  summarized i n  Table 
3-4. The s u r f a c e  cracks d id  no t  grow through t h e  specimen th ickness  during any 
of t h e  sus ta ined  load t e s t s  summarized i n  Table  3-4. A v i s u a l  examination of a l l  
f r a c t u r e  su r f aces  through a 30X microscope d i d  no t  r e v e a l  any v i s i b l e  s igns  of 
S t r e s s  Corrosion Cracking (SCC) . 
The maximum p o s s i b l e  SCC v e l o c i t y  (specimen th ickness  l e s s  i n i t i a l  crack depth 
d iv ided  by specimen durat ion)  f o r  any of t he  500 hour d u r a t i o n  tests was a b ~ u t  
incheslhour  (7 x cm/sec). This  v e l o c i t y  appears t o  be  about a n  o rde r  of 
w g n i t u d e  lower than any previously repor ted  (12) SCC v e l o c i t i e s  f o r  t i t an ium 
a l l o y s .  Hence, i t  appears t h a t  SCC d id  n o t  occur during any of t h e  t i t an ium a l l o y  
-5 t e s t s .  For aluminum a l l o y s ,  SCC v e l o c i t i e s  a s  l o w  as 10  inches/hour (7 x 
cm/sec) have been repor ted  (16) and i t  appears  t h a t  SCC could progress  a t  even 
s lower v e l o c i t i e s .  Hence, t h e  absence of SCC i n  t h e  aluminum a l l o y  tests cannot 
be  i n f e r r e d  from maximum p o s s i b l e  r a t e  c a l c u l a t i o n s .  
A f t e r  the  500 hour du ra t i on  sus t a ined  load  tests, aluminum a l l o y  specimens t h a t  had 
been loaded t o  t h e  h igher  Btress l e v e l  i n  the gas phase were subjec ted  t o  f a t i g u e  
loadings i n  room a i r  t o  d e l i n e a t e  t h e  c rack  f r o n t .  Visua l  observa t ion  of t he  
f r a c t u r e  f a c e s  of t he se  specimens revea led  no evidence of f law growth between t h e  
i n i t i a l  f a t i g u e  c rack  f r o n t  and t h e  f a t i g u e  c rack  growth induced a t  t he  end of t h e  
sustained l o a d  test. Other aluminum a l l o y  specimens t h a t  had been t e s t e d  f o r  500 
hours  were loaded t o  f a i l u r e  a t  -320F (78K). The f a i l u r e  loads  f o r  t h e  2219-T87 
specimens were a s  high a s  those  obtained from proof overload specimens t h a t  were 
loaded d i r e c t l y  t o  f a i l u r e .  Hence, the  f a i l u r e  d a t a  y ie lded  no i n d i c a t i o n s  of 
SCC. A v i s u a l  observa t ion  of t h e  f r a c t u r e  f aces  of  both 2219-T87 and -T6E46 
specimens revea led  no i n d i c a t i o n s  of SCC. Hence, t h e  evidence s t rong ly  suppor t s  
t h e  conclusion t h a t  no SCC occurred dur ing  the sus t a ined  load aluminum a l l o y  tests. 
3 .4  Conclusion 
Wnimum gage p re s su re  v e s s e l s  involv ing  t h e  mater ia l /environment  combinations 
l i s t e d  i n  Table  3-1 should no t  be  prone t o  SCC problems a f t e r  a proof test .  The 
proof test cyc l e  used i n  t he se  tests cons i s t ed  of  a -320F (78K) load-unload c y c l e  
having a peak stress equal  t o  100 and 90 percent  of t h e  des ign  y i e l d  s t r e n g t h  f o r  
t h e  aluminum and t i t an ium a l l o y s ,  r e s p e c t i v e l y .  The r e s u l t s  obtained h e r e i n  cannot  
be used t o  p r e d i c t  SCC behavior f o r  o t h e r  gages and proof test procedures using 
l i n e a r  e l a s t i c  f r a c t u r e  mechanics parameters s i n c e  t he  p l a s t i c  zones i n  t h e  test  
specimen were no t  s m a l l  r e l a t i v e  t o  important  specimen dimensions. However, 
moderate v a r i a t i o n s  t o  t he  test d e t a i l s  used i n  t h i s  program would no t  b e  expected 
t o  s i g n i f i c a n t l y  i nc rease  SCC s u s c e p t i b i l i t y  of t h e  mater ia l lenvironment  combinations 
t e s t e d .  
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APPENDIX A---TEST DATA 
This appendix contains raw test data for all stress corrosion cracking tests 
conducted during the investigation of stress corrosion cracking in 2219-T87 
aluminum and 5A1-2.5 Sn(EL1) titanium alloys. The aluminum alloy data are 
listed in Tables A,1 through A6. The titanium alloy data are listed in Tables 
A7 through di12. 
APPUNDIX B---DCB SPECIMEN STUDIES 
INTRODUCTION 
This  appendix descr ibes  t e s t s  undertaken t o  explore  crack growth behavior  and 
compliance of sides-grooved double c a n t i l e v e r  beam (DCB) specimens. I n  DCB 
specimens, propagating c racks  have a s t r o n g  tendency t o  r o t a t e  frotlr t h e  
o r i g i n a l  c rack  plane. This  problem can be  a l l e v i a t e d  through t h e  use bi' s i d e  
grooves t o  r e s t r i c t  c rack  growth t o  t h e  o r i g i n a l  c rack  plane.  I n  t h i s  i n v e s t i -  
ga t ion ,  one specimen conf igura t ion  and two s i d e  groove geometries were t e s t e d  
f o r  each of two a l l o y s .  Specimen conf igura t ion  i s  shown i n  Figure B 1 .  Both 
semi-c i rcu lar  and Vee-shaped grooves were t e s t e d .  Groove depth was set a t  
e i t h e r  t e n  o r  f i f t e e n  percent  of t h e  specimen th ickness .  Tes t s  were conducted 
f o r  the WR d i r e c t i o n  of 1 .0  inch (2.5 cm) t h i c k  2219-T87 aluminum a l l o y  p l a t e ,  
and 0.38 inch  (0.97 cm) o r  0.35 inch (0.90 cm) t h i c k  581-2.5 Sn(EL1) t i t an ium 
a l l o y  p l a t e s .  
BACKGROUND 
Approximate compliance (C) va lues  and opening mode stress i n t e n s i t y  f a c t o r s  
(K,) f o r  DCB specimens can be obtained from t h e  l i t e r a t u r e  (1) .  Compliance can 
.I. 
b s  expressed by the  equat ion.  
where E i s  Young's Modulus, 1 i s  the  moment of i n t e r t i a  of one specimen arm, 
'a '  i s  crack  l eng th ,  a i s  an experimental ly  determined crack length  increment 
t o  fo rce  agreement between experimental ly  measured compliance and Equation B1, 
and 2h i s  specimen he ight .  S t r e s s  i n t e n s i t y  f a c t o r s  f o r  s i d e  grooved specimens 
a r e  ca l cu la t ed  from the  expression 
3(a + ao12 + h 
'1' CB2) n (1 - p2) h3' 
where P i s  appl ied load ,  b i s  specimen width,bn i s  crack width,  and p i s  
- 
Poisson ' s  r a t i o .  
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PROCEDURES 
* 
Specimens were p i n  loaded i n  t e n s i l e  test machines and c l i p  gages were used t o  
measure c rack  displacement.  Load c e l l  and c l i p  gage output  were connected t o  t 
an X-Y r eco rde r  t o  o b t a i n  t h e  load-displacement records  from which compliance 
was determined. 
C l i p  gages were sp r ing  loaded a g a i n s t  i n t e g r a l l y  machined k n i f e  edges l o c a t e d  
a t  t h e  end of t he  specimen r a t h e r  than a t  t h e  load  l i n e .  Gage and load l i n e  
l o c a t i o n s  a r e  i l l u s t r a t e d  i n  F igure  B1.  For t h e  specimen conf igura t23n  t e s t e d ,  
t h e  major po r t i on  of compliance i s  due t o  r o t a t i o n  of t h e  specimen arms a t  t he  
v e r t i c a l  l i n e  pass ing  through t h e  crack t i p ,  and from shea r  f o r c e s  i n  rhe  
specimen arms. Since t h e s e  two d e f l e c t i o n s  vary l i n e a r l y  wi th  d i s t a n c e  from 
t h e  crack t i p ,  i t  w a s  concluded t h a t  i t  would b e  s u f f i c i e n t l y  accu ra t e  t o  
c a l c u l a t e  d e f l e c t i o n s  a t  t h e  load  l i n e  by mul t ip ly ing  d e f l e c t i o n s  measured a t  
t h e  end a£ t h e  specimen by t h e  r a t i o  of d i s t a n c e  from crack  t i p  t o  load l i n e  
t o  d i s t znce  from crack t i p  t o  c l i p  gage l o z a t i o n ,  Ca lcu l a t i ons  based on simple 
beam theory showed t h a t  t h i s  procedure r e s u l t s  i n  a maximum e r r o r  of about two 
percent  i n  ca l cu l a t ed  stress i n t e n s i t y .  To s u b s t a n t i a t e  t h i s  approach, two 
specimens were p i n  loaded i n  a test machine and d e f l e c t i o n  measurements were a 
made ac ros s  t h e  specimen width using a micrometer. The r e s u l t i n g  d e f l e c t i o n s  
a r e  p l o t t e d  a s  a func t ion  oZ d i s t ance  from t h e  end of t h e  specimen i n  F igure  32.  
Over a major p o r t i o n  of t h e  crack l eng th ,  t h e  d e f l e c t i o n s  i n c r e a s e  l i n e a r l y  
i n  t he  manner assumed i n  t h e  foregoing approach. 
Calcu la ted  load- l ine  compliance va lues  were s u b s t i t u t e d  i n t o  Equation B1 t o  
eva luua te  va lues  of a . A beam he igh t  (h) of 1 . 5  inches  (3.81 cm) was used i n  
0 
t h e  c a l c u l a t i o n s  r a t h e r  t han  t h e  n e t  beam he ight  of  1.45 inches  (3 .68  cm). This  
procedure r e s u l t s  i n  n e g l i g i b l e  e r r o r  i n  c a l c u l a t e d  s t r e s s  i n t e n s i t y  f a c t o r s  a s  
long  a s  both a. and stress i n t e n s i t y  f a c t o r s  a r e  c a l c u l a t e d  us ing  t h e  same beam 
he igh t .  The va lue  of a does,  however, vary  s i g n i f i c a n t l y  wi th  t h e  va lue  of 
0 
beam he igh t  used i n  t h e  c a l c u l a t i o n s .  
4 6 
RESULTS AND DISCUSSION 
I 
Eight  i n i t i a l  t e s t s  were conducted t o  determine t h e  e f f e c t  of s i d e  groove 
I geometry and depth on the shape of propagat ing c rack  f r o n t s ,  and on the  d i r ec -  
t i o n  of propagat ions f o r  r a p i d l y  propagat ing c racks .  Four 2219-T87 aluminum 
and fou r  561-2.5 Sn(EL1) t i t an ium specimens were t e s t e d .  Aluminum a l l o y  
specimens f a b r i c a t e d  with e i t h e r  Vee o r  s emic i r cu la r  grooves having depths 
equal  t o  t e n  and twenty percent  of t h e  specimen th ickness  were t e s t e d  i n  
l abo ra to ry  a i r .  Titanium a l l o y  specimens f a b r i c a t e d  wi th  both V e e  and 
semic i r cu la r  grosves having depths equa l  t o  t e n  percent  of t h e  specimen thick-  
nes s  were t e s t e d  a t  72F (295K) and -320F (78K). Tes t ing  cons i s t ed  of sub jec t ing  
specimens t o  zero t o  tens ion  loading p r o f i l e s  us ing  peak c y c l i c  l oads  of 1500 
and 3000 pounds (6672and 13,344 N), followed by a s t a t i c  loading t o  f a i l u r e .  
The f r a c t u r e  su r f aces  showed t h a t  t h e  f a t i g u e  crack f r o n t s  i n  a l l  specimens 
with semic i r cu la r  grooves were s t r a i g h t  and uniform a c r o s s  t h e  specimen width. 
I n  specimens having vee-shaped grooves, c rack  growth was accentuated i n  t h e  
' 
v i c i n i t y  of the  junc t ion  of crack f r o n t  and s i d e  grooves. This  r e s u l t  i s  
b 
i l l u s t r a t e d  by f u l l  s c a l e  drawings of t h e  aluminum a l l o y  f r a c t u r e  f aces  i n  
Figure B3. These r e s u l t s  w e r e  i n t e r p r e t e d  t o  mean t h a t  v a r i a b l e s  a f f e c t i n g  
rn crack propagation were more uniform ac ros s  t h e  specimen width f o r  semic i rcu lar  
grooves than  fox Vee grooves. When pul led  t o  f a i l u r e ,  t h e  crack propagated 
along t h e  grooves i n  a l l  bu t  one specimen, namely, t h e  t i t an ium specimen wi th  
semic i rcu lar  grooves t h a t  w a s  t e s t e d  a t  room temperature.  
Compliance t e s t s  were conducted t o  determine va lues  of a f o r  use  i n  t h e  stress 
0 
i n t e n s i t y  f a c t o r  Equation B2. Resu l t s  of aluminum a l l o y  compliance t e s t s  a r e  
summarized i n  Table B 1 .  Specimens f o r  which one compliance va lue  i s  repor ted  
were pu l l ed  t o  f a i l u r e  and t h e  s lope  of t h e  s t r a i g h t  l i n e  po r t ion  of t h e  load 
d e f l e c t i o n  curve was used t o  compute compliance. Specimens f o r  which mul t ip l e  
* compliance va lues  a r e  repor ted  were a l t e r n a t e l y  subjec ted  t o  f a t i g u e  and s t a t i c  
loadings so  t h a t  compliance va lues  were obta ined  f o r  s e v e r a l  crack lengths .  
It i s  ev ident  t h a t  values of a. were q u i t e  i n s e n s i t i v e  t o  a l l  test va r i ab l e s .  
There was a tendency f o r  a. t o  i nc rease  s l i g h t l y  w i th  increased  crack  length .  
A va lue  of a. = 0.90 inch (2.29 cm) was s e l e c t e d  f o r  use i n  c a l c u l a t i n g  s t r e s s  
- 
i n t e n s i t y  va lues  f o r  a l l  aluminum a l l o y  DCB specimen tests d iscussed  i n  t h e  
, 
main body of t h i s  r e p o r t .  It is  of i n t e r e s t  t o  n o t e  t h a t  t h e  r a t i o  of ao/h ' ,{ 
: - 
was 0.60 which is  t h e  same va lue  prev ious ly  r epo r t ed  (1) f o r  7075-T6 aluminum b 
a l l o y  DCB specimens having th i cknes se s  ranging from 0.25 inch (0.64 cm) t o  
-;I 
:"i 1.00 inch (2.54 cm), and groove depths  ranging from f i v e  t o  t h i r t y - f i v e  I e 
percent  of t h e  specimen th ickness .  
1 1 
F r a c t u r e  toughness va lues  were computed us ing  Equation B 1 ,  t h e  app rop r i a t e  a. 
va lue  from Table B1, and loads  corresponding t o  t h e  i n t e r s e c t i o n  of test  f lj 
r e co rds  and a  f i v e  percent  o f f s e t  s l o p e  through t h e  o r i g i n  of t h e  tes t  record .  
The va lues  a r e  i n  reasonable  agreement w i t h  prev ious ly  r epo r t ed  (2) p lane  s t r a i n  i 
f r a c t u r e  toughness va lues  of 29 and 35 k s i  6 (32 and 38 ~ ~ / r n ~ ' ~ )  f o r  t h e  
\JR d i r e c t i o n  of 1 .0  inch (2.54 cm) t h i c k  2219-T87 aluminum a l l o y  p l a t e  a t  72F 
(295K) and -320F (78K) , r e s p e c t i v e l y  . il 
Resu l t s  of t h e  t i t an ium a l l o y  compliance tests a r e  included i n  Tables  B2 and 
B3. The d a t a  i n  Table  52  were obtained from tests of 0.38 inch  (0.97 cm) inch 
9 
t h i c k  specimens. Values of a appeared t o  be  dependent on groove shape and 
0 
test  temperature .  For example, Vee shaped grooves seemed t o  y i e l d  lower a. 
va lues  a t  72F (295K) than d id  s emic i r cu l a r  grooves. I n  add i t i on ,  a. va lues  s 
appeared t o  be more temperature s e n s i t i v e  f o r  s emic i r cu l a r  grooves than  f o r  
V e e  grooves.  The d z t a  i n  Table  B3 were obtained fxom tests of 0.35 inch (0.89 
cm) t h i c k  specimens taken  from t h e  same p l a t e  s t o c k  a s  used f o r  a l l  t i t an ium 
DCB t e s t s  repor ted  i n  t h e  main body of t h i s  r e p o r t .  The a  o va lues  a r e  q u i t e  
i n s e n s i t i v e  t o  temperature  and a r e  t h e  same f o r  bo th  paren t  and weld metal .  
An a  va lue  of 0.78 inch (1.98 cm) was used t o  c a l c u l a t e  stress i n t e n s i t y  
0 
f a c t o r s  f o r  a l l ' t i t a n i u m  a l l o y  DCB specimen L e s t s  descr ibed  i n  t h e  main body 
of t h i s  r e p o r t .  
F rac tu re  toughness va lues  f o r  t h e  t i t a n i u m  a l l o y  were computed us ing  Equation 
B2, a. va lues  from Table  83 ,  and f i v e  percent  o f f s e t  loads ob ta ined  from t h e  
test  records .  One room temperature  base  metal  ba se  metal  specimen (T-1) 
underwent a  r a t h e r  abrupt  onse t  of c rack  i n s t a b i l i t y .  The test rec.ord was 




312) 115 k s i  (126 MN/m . This  va lue  is  i n  good agreement wi th  o t h e r  
repor ted  va lues  of ambient temperature p l ane  s t r a i n  f r a c t u r e  toughness f o r  
t h e  561-2.5 Sn(EL1) t i t an ium a l l o y  ranging between 100 and 120 k s i  6 (110 
312) and 132 MN/m . A l l  o t h e r  72F (295K) base  and weld meta l  tests y ie lded  
rounded 'load-displacement curves t h a t  showed no evidence of an abrupt crack 
s i z e  i n s t a b i l i t y .  Average p lane  s t r a i n  f r a c t u r e  toughness va lues  repor ted  
i n  (3) f o r  t h e  RW d i r e c t i o n  of a 0.25 inch (0.64 cm) t h i c k  r o l l e d  581-2.5 
Sn(EL1) p l a t e  were 49 k s i  (54 M N / ~ ~ / ~ )  a t  -423F (20K) and 56 k s i  6 
(62 MN/m 3'2)  a t  -320F (78K). Hence, t h e  f r a c t u r e  roughness va lues  obtained 
from t h e  -320F (78K) and -423F (20K) DCB t e s t s  i n  t h i s  program a r e  equivalent  
t o  plane s t r a i n  f r a c t u r e  toughness va lues .  ! 
I 
Com~ar isons  made between crack opening displacements  measured us ing  both c l i p  gage 
and micrometer a r e  included i n  Table B4. Micrometer measurements were made 
between p o i n t s  A a s  shown i n  F igure  B 1  and c l i p  gage measurements were made a s  
prev ious ly  descr ibed.  Comparisons a r e  shown f o r  aluminum base meta l  DCB 
specimens both p i n  loaded i n  a t e s t  machine and wedge loaded i n  a v i s e .  For t h e  
p i n  loaded t e s t ,  t h e  micrometer readings a r e  c o n s i s t e n t l y  l e s s  than  t h e  c l i p  gage 
readings wi th  a maximum discrepancy of 0.0011 inch  (0.028 mm). For t h e  wedge 
loaded test ,  t h e  micrometer measurements were aga in  less than  t h e  c l i p  gage 
measuremehts wi th  a maximum d i f f e r e n c e  of 0.0015 inch  (0.038 cm). I n  view of 
t h e  good agreement between t h e  two d i f f e r e n t  readings ,  i t  was concluded t h a t  
micrometer measurements provided a s u f f i c i e n t l y  accu ra t e  method of c o n t r o l l i n g  
s t r e s s  i n t e n s i t y  f a c t o r  dur ing  t h e  wedge loading  of DCB specimens. 
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* APPENDIX C---TEST SPECIMENS 
* This appendix contains detailed drawings of a l l  t e s t  specimens used i n  t h i s  
investigation.  Table C 1  re la tes  the specimen configurations t o  the particular 
ser ies  of tests for which they were used. Figures C 1  through C12 contain 
detailed drawings of each specimen configuration. 
APPENDIX D---WELDING PARAMETERS 
Welding Parameters: 1.00 inch - 2219-T87 Aluminum 
Surface  Flawed Specimens: 
F i r s t  Side - F i r s t  Pass  F i r s t  S ide  - Second Pass* 
Current - 200 amps Current - 400 amps 
Voltage - 12.5 v o l t s  Voltage - 12.0 v o l t s  
T rave l  - 15 ipm (6.3 mm/sec) T rave l  - 3 ipm (1.27 mm/sec) 
Wire - None Wire - None 
*Panel was turned over and t h e  j o i n t  completed i n  one pass  wi th  these  
s e t t i n g s  . 
Welding Parameters : 0.350 inch - 5A1-2.5Sn (ELI) Titaniux 
Surface Flawed and DCB Specimens. 
First Pass 
Current - 215 amps 
Voltage - 14 volts 
Travel - 3 ipm (1.27 mm/sec) 
Second Pass 
Current - 200 amps 
Voltage - 14 volts 
Travel - 3 ipm (1.27 mm/sec) 
Electrode: 2% thoriated tungsten, 118 inch (0.32 cm) diameter, 45' included 
angle to 0.030 inch (0.076 cm) diameter end. 
APPENDIX E---CLEANING PROCEDURE FOR FLUORINE ENVIRONMENTS 
I The c leaning  procedure used f o r  a l l  of t h e  specimens and test equipment b (valves,  tubing, e t c . )  exposed t o  f l u o r i n e  environments (F2, OF2 and FLOX) 
i s  l i s t e d  below: 
,i 




T 2. Detergent f l u s h  - 10-15 minutes 
i 
1 )  
f 
'i 
4 3. Cold water f l u s h  - 1 0  minutes y 
4 .  Pass iva t e  with 50% n i t r i c  a c i d  s o l u t i o n  - 5 minutes maximum 
5. Flush with De-ionized water  - 10  minutes 
6 .  Purge dry wi th  ho t  n i t rogen  gas 
- .  
-- . . ...^  .. . .. -^1 ...-.A ~ - . . * - - r ~ + ~ ,  '"A = - - -
f" 
:. 
APPENDIX F---CONVERSION OF U.S. CUSTOMARY UNITS TO SI UNITS 
I n  the  t e x t  of t h i s  r e p o r t ,  a l l  numerical  va lues  a r e  g iven  i n  U.S. customary 
u n i t s  wi th  corresponding SI u n i t s  i n  pa ren thes i s .  Due t o  t h e  complexity of 
t h e  t a b l e s  of r e s u l t s ,  only U.S. customary u n i t s  a r e  used t h e r e i n .  Conversion 
f a c t o r s  f o r  conver t ing  U.S. customary t o  SI u n i t s  are given i n  t h e  fo l lowing  
t a b l e :  
To Convert From 
(U.S. Customary Unit)  
Mult iply 
b Y 
To Obta in  
(SI Uni ts )  
i n .  2.54 x meter (m) 
l b  f 4.448 newton (n) 
k i p  ., 
k s i  a 
kilonewton (kN) 
meganewt on /meter 2 
( M N I ~ ~ )  
M N ~ m 3 / 2  
Elongation in 
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(a)  0.35-Inch (0.89 cm! Thick Base Metal 
Fiplre24: FRACTGRE TOUGHNESS DATA FOR ALLZIYS USED INSCC TESTS 
Temperature (K)  
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(b) 0.35-Inch (0.89 cm) Thick GTA Weld Centerlim 
Figvm2-5: PRESSURE CUPSUSED TO DETECTCRACK BREAKTHROUGH 




























































































































































































































a H w l u l p p o i  R S ~ ~ ~  0 R uulrna 
a W l U t p p . a l  u 
0 E uurrJta 1~ " 
~ $ 0 0  
d JlV Ul pm $ ? I 
0 u u l r ~ l a  MLI D 
a {  P Wl'Jl- u 0 uumna IU * 
ean;i 
a rvulp(~ .o7 m 
0 R ualv~ta  N 
x 
u 
a !? W l U ~ P p . a l  u 0 uulrJca I n  " $ ? 8 %  
A 
- X , I "Ulpa,  $ L3- uaclr~~a MU D 
0 a w u l m  & 
2 0 $ UUuJla " 
- 
H ? 
c a r v  UI-7 3 
5:  3 ;  0 4 uurrra MU o 
t Q 
a ' W l " ~  Pw-l u 
0 '3 UUlwJla I t ,  " )r - R Z 8 d  5 
C) C) 
m m 
8 8  d B  G UI -1 8 0 r u u l r ~ l a ~ ~ ~  o i ' i g  E,5 
" " 0 " "  - ' g >  p a 
a d s g p a  
- .- 
k g -  
C C C  . 
- - 
n u  Q wlul P.I=-I u 9 uaclr~ta 1~ a ; r !, 6 O U 
G c n C Z  
oa a 
0 ualrrca MU 
4 ' 'Au3W-1 u a R o o  5 uutnra ly  m + ~  5 
1 I I I I I 1 
S R 8 8 8 8 R  ( Y  
- - - 
y l 8 q  f 
1 I I I 
. I 1 I I % s a % s ~  - - - +- a 
z l ~ ~ ~ ' ~ ~  z $ ' 







g o  10 
3 
2 
















r r  1 
5 5  i 
Y Y E %  ua iwa MM 
u u . 2 U  




I 0  k x I- z 
0 4  




W ut p(ral 
uocirJta I U  
W 1 " m  
uairma I U  




r v  u! -1 
-rJla p&, 
w I u ! m  
uainna IM 
JIV U! 
















I? E .2 
+ li 
5:  E 1 t .2 
o m  .) 5 .; 
t b  
, 
1 I 1 1 I 1 I 
8 8  
- - - 
8 8 9 8  
3 r n q  
3 3 5 3 ~  - - 
I I 
z ~ E ~ ~ ' ~ ~  























r v * m  
uairna MU 
.p ' 8 ,  .- 
0 
0 c o  
t . E p  







X U '  
x g  
I1 
c ' r t  
, +  
' I ;  



































































\ Weld (Weld 5 Tests &~v I  
----  
/ Rolling Direction 
Figwr 2-16: NOMENCLATURE FOR DENOTING CRACK PROPAGATION DIRECTIONS IN PLATE MATERIAL 




C.R. & Annealed 
o = 0.75 n,, 
0.01N PC1 
I Ti-CP35A C.R. & Annealed i 




Volume Prrcentage of Water in Methanol 
Fipre 2-19: EFFECT OF TELYPERF TLlRE AND VOL UAlE PERCENTAGE OF WATER ON TIME 




























































































































































Crack-Tip Stress Intensity 
F M  2-21; GENERALIZED VELOCITY V f  RSUS STRESS INTENSITY RELA TIONSHIP FOR 




(KSI 0. I 
STRESS 
INTENSITY 
Figun 2-22: EFFECT OF SPECIMEN THICKNESS ON SCC SUSCEPTIBILITY OF TMAI-1 Mo-1 V (DA) and 















Sol~d Symbols Denote Argon Tests 
Open Symbols Denote Air Test 
Test Data In Table 2-14 
Test Duration (hrs) 
- 
H .a 
Figure 2-24: SURFACE CRACK DEPTH GROWTH DURING LOAD-UNLOAD AND PUSTAINED 
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ll 
AI-2219-T87 
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2 %stained ~d Tnts at = 22 ksi 1151.7 MNlm I 
. . 
.:... .:...:.:; i.'.:',' 
t,.:r. ., . . , . - )  All Env~ronments Except %It Water 
Sustamd Load Tests at a = 25 ksi (1 72.4 klN/m2) 
All Cryoqmic Environments 
Sustained Load Test at CJ = 22 ksi ( 151.7 ~ N l r n ~  ) 
A iq salt Water 
0 Cod-Unload Tats at a =  22 ksi (151.7 M N / ~ ~ ;  
2 Load-Unload Tats at a = 25 ks~ (1 72.4 MNIm 
Temperature ( K )  
Figure 2-27: SURFACE FLAIY DEPTH GROWTH OBSERVED DURING TESTS OF ONE INCH 
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Stress Intensity (ksi f i . 1  
Figvre 2-31: EFFECT OF OUTDOOR EXI'OSURE AND STRESS INTENSI N ON STRESS-CORROSION 
CRACK VELOCITY OF SEVERAL HIGHSTRENGTH ALUMINUM AL LOYS (REF. 161 








































10-5 - t 
I 
I I I 1 
0 5 10 15 20 25 30 
5 10 15 20 25 30 
1 1 I I 1 
- 
1-,n. (2.54 cm) Th~ck Plate 
Crwk Ortentatton TR 
Outdoor Exparun 
Temperature 65O?3fI0~ (28g0 + 17'~) 
Aver* 1 1% Rain - 




A 7 0 ~ ~ 6 1  - 






- x 7049l73 
70BT8351 
Stress Intensity Ki ( M N A ~ ' ~ )  
rJ 5 10 15 20 25 30 
Stress Intensi.ty KI (ksi a) 
F .  2-32: TYPICA L V-K CURVES FOR SOMEZ~O-SERIES ALLOYS OBTA!NEO USING TR DCB 
STRESS-CORROSION SPECIMENS (REF. 16) 
0 5 10 15 20 25 30 
lo4 
1 I I I I I 1 
d 
10-1 
TR Orientation A 2014-T'451 
1-in. (2.54 cm) Thick Plate A 2014.T651 - 
Wet With 3.5% NaCl Slution 2024-T351 
- 





50% CH30H - 50% CC14 
35 Minutes Exposure 
3 3 6 9 12 15 18 2 1 24 
T37 T87 Aging Time, Hours at 325'1" (436OK) . 
2-33: CORRELA TMN OF SOLUTION POTENTIAL Wl TH STRESS-CORROSION PERFORMANCE 
OF2219-T87ALLOYPLATE. IN THEUPPERPLOT, THESMALL NUMBERSINSIDE 

























































































































































































































































































































































































































































































Figure 34: LOADING TRAIN AND CR YOSTA T FOR UPPER STAGE MA TERIA L/EN VIROl'.VENT 
COMRINA TlON TESTS. 
Load 
F i p ~  3-5: SYSTEM USED FOR TESTING UPPER STAGE MATERIAL/ 



















































































































































































































































































DISTANCE FROM END OF SPECIMEN(&), cm 
(b): TITANIUM WELD METAL SPPCIMENS 
8 6 4 -  . - -  2 q 90.16 







8 6 4. 2 





End of Crack 




Micrometer o/ 1 l o 0  I I - 0 0 3.00 2.00 1.00 0 
DISTANCE FROM END OF SPECIMEN, (a )  INCHES 
(a): A L IrfMINUM BASE METAL SPECIMENS 
0 3.00 2.00 1.00 0 
DISTANCE FROM END OF  SPECIMEN,(^) INCHES 
I I I 
- 
- 0.14 
- I - 0.12 
Figvrs B2: DEFLECTION MEASUREMENTS BETWEEN OUTER SURFACES 









End of Crack - 0.04 
Deflections Meowred 
- Between Points A 0 / 
Using ndic%weter / - 0.02 
0 





























































































































































































































































































0.250 Dia Hole 1 
L ( 1 . 2 7 1  S V ~  
0.50 Dia. Hole 
(2 Places) 
i I I 
I I 
NOTE: All dimensions in inches(Cm) 
(a): Tensile specimen for 304 S.S., 5A 1-2.5 Sn (EL I )  titanium, 
6A 1-4 V (EL I )  annealed titanium, 2219- T87 aluminum 
and 22 19- T6E46 aluniinurn 
(2.79) 
Q 
7 2.00 (5.08) 
Sym 
I 
Sym -0.50 1 
( 1.27) (2  Places) 







NOTE: All Dimensions In Inches (Cm) 
72- 
(0.076) 
(b): Tensile specimen for bA 1-4 V (EL I ]  STA titanium 





























































































































































































































































































Table2-2: TESTPROGRAM FOR EVALUATNG STRESS CORROSION CRACKING RESISTANCE OF 
5AI-2.5.911 (ELI) TITANIUM ALLOY BASEAND WELD METAL 
NUMBER OF 




w' $ z  2 -  
tK 
. ,t- - 
I 
3 I-: 
I- w-67- "'I= g x z  
2 w 0 S 
w k g  w z z  HZ - 5 5  5 2 V) u c z  , p a  
a Z-  YZfg 5 w L a,%* 
s iE 1-0 u n n  o ~ d ~  V ) V ) O -  
Distilled Water (DW) Liquid 72 (2951 30 (20.71 313 112 
DW + 3%% NaCl Liquid 72 (295) 30 (20,71 313 1 11 
Acetane Liquid 72 (295) 30 (20.7) 313 1 11 
Methanol (MA) Liquid 72 (295) 30 (20.7) 313 111 
MA+2%DW Liquid 72 (295) 30 (20.79 313 111 
Ethanol (EA) Liquid 72 (295) (20.7) 313 111 
EA + 2% DW Liquid 72 (295) 1 N (20.7) 313 1 11 
Methyl Ethyl Ketone Liquid 72 (295) 1 30 (20.7) 313 111 
Dye Penetrant (ZL-2A) Liquid 72 (295) 30 (20.7) 313 111 
Room Air Gas 72 (295) Ambient 010 313 
Argon Gas 72 (2951 30 (20.7) 010 313 
Helium Gas -60 (288) 30 (20.7) 313 1 12 
Helium Gas -423 (20) 30 (20.7) 313 111 
Helium Gas "60 (288) 1000 (689.5) 010 212 
Nitrogen Liquid -320 (78) Ambient 010 210 
Hydrogen Gas -60 (288) 30 (20.7) 413 111 
Hydrogen Gas "60 (288) 100 (69.0) 313 111 
Hydrogen Gas -320 (78) 30 ($8.2) 313 212 
Hydrogen Gas "-423 (20) I00 (65.0) 313 414 
Hydrogen Liquid -423 (20) Ambient 010 212 
_I 
NOTES: 
(1) Crack Planes Perpendicular to tiolling Direction in All Base Metal Specimens 
(2) Cracks at Weld Centerline in Weld Metal Specimens 
(3) All DCB Specimens Loaded in Room Air 
(4)  All SF Specimens Loadd in Test Environment 
Trbl. 2-3: LOAD-IN-ENVIRONMENT TEST PROGRAM FORZZ19-TBI ALUMINUM AND 5A1-2.5S~ (ELI) 



































































































































































































































































































































































































































Tiblr 2-12: SURFACE FLAW DEPTH GROWTH OBSERVED DUR/ff G TESTS 
OF2219 WELD CENTERLINES 
d 
a wH-10 GH2 -423 25.0 0 0.045 
2 WH-2 GH2 -423 22.0 0 0.01 1 
WS- 1 H20 + 72 22.0 24 0.075 
WS-2 3.5% NaCl 72 22.0 15 0.030 
WDW-2 DlST H20 72 22.0 16 0,035 
WT-2 TcE 72 22.0 12 0.030 
WDP-2 DYE PEN 72 22.0 16 0.035 
WO F- 1 GOF2 72 22.0 10 0 .  f 
WOF-3 
7 0.030 
WFX-l GFLOX 72 22.0 
WFX-2 0.040 
WO- 1 I WO-2 GO2 
I WFX-3 LFLOX 8 0.025 -320 22.0 WF X-4 11 0.025 I 
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Tablr3-4: RESULTS OFSUSTAI~VED LOAD TESTSOFUPPERSTAGEMATER/AL/ENVIRONMENT 
COMBINA TiONS 
Table A l :  2219--T87 ALUMINUM BASE METAL STRESS COF 
FOR NONHAZARDO~JS ENVIRONMENTS 
' 5.0 AND 10.0 HOUR SUSTAIN CYCLES 
ENVIRONMENT DCB SPECIMEN DATA 
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w + -  d i d  
- LIQUID AMB ! i t s  





































































































































































SURFACE FLAWED SPECIMEN DATA 
LTA SPECIMEN DETAILS TEST DATA 
t- 
W 
W 4 k- 
3- 
-. a a a &L L 








































































































Table A2: 2219-T87 ALUMINUM BASE METAL STRESS CORRC 
FOR HYDROGEN AND OXYGEN 
'LOAD-UN LOAD 
~ I N G  PA E BLNV" NOT FIIYD 
FOLDOUT FRAME 1 
I 
FOLDOUT F'RAME '2- I 
Table A3: 2219-T87 ALUMINUM BASE METAL STRESS COF 
FOR FLUORINE, FLOX, AND OF2 
PRECEDING PAGE BLANK NOT FILMED 
FOLDOUT FRAMZ / 

Table A4: 2219 ALUMINUM WELD METAL STRESS CORRl 
FOR NONHAZARDOlJS ENVIRONMENTS 
SPECIMENS LOADED THAN UNLOADED IMMEDIATELY 
PRECEDING PAGE BLANK NOT FILMW 
FOLDOUT FRAME I I 

Table A5: 2219 ALUMINUM WELD METAL STRESS COF 
HYDROGEN AND OXYGEN 
SPECIMENS LOACED TO INDICATED STRESS LEVEL THAN UNLOADED IMMEDIATELY 
ENVIRONMENT DCB SPECIMEN DATA 




















P R m I N G  PAGE BLANK NOT FILMED 






















































































C3 u I- 
1.50 1.75 
R. T. 






















































































































M WELD METAL STRESS CORROSION DATA 
dD OXYGEN 
- PO?nOUT FRAME L 
Table A6: 2219 ALUMINUM WELD METAL STRESS CORROSION D f  
FLUORINE, FLOX AND OF2 
PREEDING PAGE BLANK NOT FILMED 
E"0U)OUT FRAME 1 
RESS CORROSION DATA FOR 
FOLDOUT 
Table A7a: 5AI-2.5Sn (ELI) TITANIUM BASE METAL STRESS COR ROSIO 
FOR NONHAZARDOUS ENVIRONMENTS 
-ING PAGE BLANK NOT FILMEI) 
ENVIRONMENT DCB SPECIMEN DATA 
SPECIMEN DETAILS TEST DATA SPECIMEN 1 
m 
I- 











w TW-1 v 0.348 0.240 i= - -- 
- w LIQUID AMB 30 TW-2 V 0.348 0.241 
+I- -.--- -- -. - - .- ?a 
,,a 3 TW-3 V 0.348 0.240 
Y 











Z <  
J ~ G  
>XI- 
X 0 3 bo,r 
z a g  
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Table A7b: 5AI-2.5Sn (ELI) TITANIUM BASE METAL STRESS CORROSION DA 
FOR NONHAZARDOUS ENVD R(39JMENTS (Cont.) 
- -- 
PBECEDING PAGE BLANK NOT FILMED 
ENVIRONMENT DCB SPECIMEN DATA 





- V) e 
I I n I- n 



















TED-1 V 0.348 0.240 1-50 1-65 
----- ---- 
30 TED-2 V 0.348 0.240 1.62 A 
TD-1 V 0.344 0.238 1.64 
*- 
30 TD-2 V 0.347 0.240 t 1.64 
TD-3 V 0.346 0.240 1.50 1.59 




































3ASE METAL STRESS CORROSION DATA 
IIRONMENTS (Cont.) 
1 
SURFACE FLAWED SPECIMEN DATA 
)ATA SPECIMEN DETAILS TEST DATA 
I- 
t 3 E  z 
3 3 b- 
9%- 4" 

















































Table A8: 5AI-2.5Sn (ELI) TITANIUM BASE METAL STRESS COR 
DATA FOR HYDROGEN AND HELIUM 
PRZEDING PAGE BLANK NOT FILMED 
ENVIRONMENT DCB SPECIMEN DATA 
SPECIMEN DETAILS TEST DATA SPECIMEN I 
t- 
bw' Z 






"3 5 9 I? 
I n 0 a t -  ~3 u 



























4 2 3  
AMB 
















































































































0.059 6.0 1.76 5530 TH-9 
- 
0.3% 4. 










































































































































































































































































































































































































































Table A9a: 5AI-2.5Sn (ELI) TITANIUM WELD METAL STRESS CORRO: 
FOR NONHAZARDOUS ENVIRONMENTS 
PRECEDING PAGE BLANK NOT FITAMED 
JELC METAL STRESS CORROSION DATA 
IHONMENTS 
FOLDOUT F.Rm z 
149 
- 
SURFACE FLAWED SPEClMEtJ DATA 
TA SPECIMEN DETAILS TEST DATA 
- 





68 2810 -DPW-1 8.334 3.26 0.174 0.950 86.0 0.08 SPEClMEN FAILED DUR NG SUSrAlNED A 
80 2600 ~DPW-2 0.338 3.25 0.173 0.955 090 THRU 1.12 93.2 
87 3050 
73 5820 







































































































Table A9b: 5AI-2.5Sn (ELI) TITANIUM WELD METAL STRE: 
FOR NONHAZARDOUS ENVIRONMENTS (Cont. 
pnqjwnrc, PAGTi! RT ANY NOT W - m  











o 5  zz, 






2 3  
2 
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0 %  
I-a 
2.E 3z 
O t  
LL, 
=.F 8" 









1 - 0  
AMB 
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zr 














J P p  
Lu a g  
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bE 
L o w  
m a ?  
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W E D 3  
TWME-I 








ANIUM WELD METAL STRESS CORROSION DATA 
)US ENVIRONMENTS (Cont.) 
SURFACE FLAWED SPECIMEN DATA 
A SPECIMEN DETAILS TEST DATA 
K I- 
3- 











































Table A10: 5AI-2.5Sn (ELI) TITAN1 UM WELD METAL STRESS CORROSI( 
FOR HYDROGEN AND HELIUM 
RECDING PAGE BLANK NOT FIT,MED 
FOLDOUT FRAME 
JIUM WELD METAL STRESS CORROSION DATA 
3 HELIUM 
I SURFACE FLAWED SPECIMEN DATA I 
FoLDOUT FRAME 15 3 
EST DATA SPECIMEN DETAILS TEST DATA 
- 
C 






















9 1.78 4125 
WWH-31 

























































































































































































































Table A1 l :  2219-T87 ALUMINUM BASE METAL STRESS CORROSIOP 
NONHAZARDOUS FLUIDS LOADED IN ENVIRONMENT 
PRECEDING PAGE BTJANK NOT F I T , m  
NUM BASE METAL STRESS CORROSION DATA FOR 
S FLUIDS LOADED IN ENVIRONMENT 
SURFACE FLAWED SPECIMEN DATA 
TEST DATA SPECIMEN DETAILS r , TEST DATA E "  
3- - 




























Table A12: 5AI-2.5% (ELI) TITANIUM BASE METAL STRESS COF 
NONHAZARDOUS FLUIDS LOADED IN ENVl RONMEF 
SUSTAINED GROWTH OUT OF PLANE 
ENVIRONMENT DCB SPECIMEN DATA 








2 LT I 2 P .  















MET-1 AMB AMB 
TMEL-1 
ET-1 
ALCOF OL AMB AMB (PURE) TEL-1 























































































































































































































































































































































































































































































































Tablo 81: COMPLIANCE DATA FOR 2219 ALUMINUM DCB SPECIMENS 







BASE 1.75 4.86 METAL SEMI- 2.00 6.64 0.90 
AX%-2 CIRCULAR 2.25 8.28 0.91 
2.50 10.42 0.94 
2.80 13.26 0.94 
SEMI - 
CIACULAR 0.10 1.70 4.66 0.86 31.6 
SEMI- 
ARZO-3 CIRCULAR 0.10 1.74 4.40 0.8P. 38.4 
-320 , ;- 
SEMI- 
AR20-4 CIRCULAR 0.10 1.75 4.29 0.81 37.7 
AW-1 VEE , 0.10 1.65 4.70 0.90 - 
7 7** 
WELD 72 AW-3 VEE ~ 0 . 1 0  1.68 4.68 0.87 - 
METAL VEE 0.10 1.62 4.60 0.89 - AW-2 
VEE 0.10 1.65 4.48 0.90 - 
-320 AW-5 
L 
NOTE: BASE METAL SPECIMENS 1.00 INCH THICK 


































Joblr B2: COMPLIANCE DA TA FOR 5Al-2.5 Sn (ELI) TITANIUM 0.375-INCH THICK DCB SPECIMENS 
Table 83: COMPLIAhi6E DATA FOR 5Al-2.5 Sn (ELI) TITANIUM 0.350-INCH THICK DCB SPECIMENS - 
TEST SPECIMEN SIDEGROOVE CRACK COMPLIANCE 
a. KQ CONDITION TEMP ' LENGTH NUMBER (OF ) SHAPE DEPTH (IN.) INILB X lo6 (IN.) K S I ~ ~ .  
1.62 7.22 0.77 
T-5 VEE 0.053 1.85 9.34 0.78 




T- 1 VEE 0.053 1.60 7.18 0.79 l5 
METAL 
T-2 VEE 0.053 1.63 7.29 0.77 - 
-320 T-3 VEE 0.053 1.61 6.64 0.77 53 
-423 THE-4 VEE 0.053 1.65 7 .OO 0.80 5 1 
TW2 VEE 0.053 1.61 7.87 0.75 - 
72 Tw3 VEE 0.053 1.67 0.80 
' 
- 8.79 WELD 
METAL -320 TW1 VEE 0.053 1.66 7.46 0.72 81.7 
-423 W 4  VEE 0.053 lL67 7.43 0.78 58.0 
? 
Q 
K S l f i .  
- 
72 1.77 8.12 0.79 
BASE TR30-1 SEMI- 0.056 2.05 10.71 0.79 
METAL Cl RCULAR 2.30 13.48 0.79 - 
TV30-1 VEE C.056 1.66 6 -49 0.69 
1.94 9.54 0.77 - 
TR30-2 SEMI- 0.056 1.77 6 -57 0.65 
CIRCULAR 2.1 0 9.05 0.63 
-320 





























































































































































































































































Table C1: SUMMARY OF TEST SPECIMENS , ' i  
I 
1. 
< .  
?": 
1 ! i 1 11 
I .  








b Ir, i i  
i -  i4 y -3 
J 18 19. 
ii 




C l  Oa 
C8 
C1 


























































SUSTAINED LOAD (SL) 
SUSTAINED LOAD (SL) 
SL VARIABLE THICKNESS 
SL VARIABLE THICKNESS 
Sb VARIABLE THICKNESS 
MECHANICAL PROPERTY 





































-,.l U -- 
ALL ALUMINUM 
ALLOYS 
Ti -6A 1 -4V 
Ti-5A1-2.55N 
ALL TITANIUM 
ALLOYS 
MECHANICAL PROPERTY 
PROOF OVERLOAD 
SUSTAINED LOAD 
MECHANICAL PROPERTY 
MECHANICAL PROPERTY 
SUSTAINED LOAD 
